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A B S T R A C T

Purpose
Hip osteonecrosis frequently complicates treatment with glucocorticoids. When extensive (affect-
ing � 30% of the epiphyseal surface), 80% of joints collapse within 2 years, so interventions are
needed to prevent this outcome.

Patients and Methods
This prospective cohort magnetic resonance imaging (MRI) screening study included all consec-
utive children treated for acute lymphoblastic leukemia on a single protocol. Hip MRI was
performed at 6.5 and 9 months from diagnosis (early screening) and at completion of chemother-
apy (final evaluation) to determine whether screening could identify extensive hip osteonecrosis
before symptom development.

Results
Of 498 patients, 462 underwent screening MRI. Extensive asymptomatic osteonecrosis was identified by
early screening in 26 patients (41 hips); another four patients (seven hips) were detected after the screening
period, such that screening sensitivity was 84.1% and specificity was 99.4%. The number of joints
screened to detect one lesion was 20.1 joints for all patients, 4.4 joints for patients older than 10 years, and
198 joints for patients � 10 years old (P � .001). Of the 40 extensive lesions in patients older than 10 years,
19 required total hip arthroplasty and none improved. Of eight extensive lesions in younger patients, none
required arthroplasty and four improved.

Conclusion
In patients age 10 years old or younger who require prolonged glucocorticoid therapy, screening for
extensive hip osteonecrosis is unnecessary because their risk is low and lesions tend to heal. In children
older than 10 years, early screening successfully identifies extensive asymptomatic lesions in patients who
would be eligible for studies of interventions to prevent or delay joint collapse.

J Clin Oncol 33:610-615. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Glucocorticoid-induced osteonecrosis occurs in up
to 50% of children treated for acute lymphoblastic
leukemia (ALL).1-7 Once symptoms develop, femo-
ral head lesions are often extensive and joint collapse
inevitable. Indeed, joints usually collapse within 2
years of osteonecrosis identification when affecting
� 30% of the epiphyseal surface, defined herein as
extensive osteonecrosis.8 Early identification of os-
teonecrosis would allow for interventions that may
prevent progression.9 However, the timing of onset
and risk factors for development of extensive epiph-
yseal lesions are poorly understood.4

With modern therapy, up to 90% of children
with ALL are cured of their disease, but femoral head

osteonecrosis can cause lasting disability.8,10-12 Un-
like other groups of patients at risk for osteonecrosis,
children with ALL receive glucocorticoids at speci-
fied doses and schedules. They provide a uniformly
treated patient cohort in whom the timing and risk
factors for early and asymptomatic osteonecrosis
can be evaluated to identify patients eligible for stud-
ies of early interventions to prevent progression.9

PATIENTS AND METHODS

Study Conduct

We prospectively performed hip MRI screening after
completion of each of the two reinduction (delayed inten-
sification) chemotherapy cycles at weeks 10 and 20 of
continuation treatment (approximately 6.5 and 9 months
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from diagnosis, respectively) and at the completion of all therapy for patients
age 1 to 18 years old with newly diagnosed ALL treated on the Total Therapy
Study XV from June 2000 through October 2007 (Fig 1).10 Because patients
experienced treatment delay for various reasons, the time from diagnosis to
screening varied among patients, but initial screening was done within a year of
diagnosis in all patients. The protocol was approved by the institutional review
board and registered at ClinicalTrials.gov (identifier: NCT00137111). Parents
or guardians provided signed informed consent, and patients provided assent,
as appropriate. Race was reported by the parent, guardian, or patient. At the
time of first screening, patients had received prednisone 40 mg/m2 per day for
28 days (all patients) and dexamethasone 200 mg/m2 (lower risk ALL) or 240
mg/m2 (higher risk ALL) and an additional 160 mg/m2 (lower risk) or 180
mg/m2 (higher risk) of dexamethasone before the second MRI. Details of the
regimen have been published previously10,13 and are included in the Data
Supplement. We have previously reported the cumulative incidence of osteo-
necrosis at all sites for 364 of these patients, but we did not evaluate extensive

femoral head osteonecrosis in the prior study. Because extensive osteonecrosis at
this site is the most common cause of morbidity in patients with osteonecrosis,
specific study of the incidence of osteonecrosis, risk factors, and utility of MRI
screening was warranted.13 As an indicator of skeletal maturity and to examine its
potential association with development of extensive osteonecrosis lesions, we as-
sessedproximalfemoralphysispatency(openvclosed)atthetimeofMRI,because
an open physis indicates immature bone that is still growing.

MRI Screening

Studies included coronal T1-weighted, short tau inversion recovery, and
sagittal fast low-angle shot two-dimensional sequences using sedation when
necessary. Osteonecrosis was defined as a geographic area of decreased signal
on T1-weighted images and increased signal on short tau inversion recovery
images (Fig 2).14 All MRIs were interpreted by a single pediatric radiologist
(S.C.K.). In contrast to our prior report, where all osteonecrotic lesions at all
sites and of any size were considered as positive, in this report, we focus only on
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Fig 1. (A) CONSORT diagram of patients undergoing hip magnetic resonance imaging (MRI) as part of the osteonecrosis screening portion of the Total Therapy Study
XV. Extensive osteonecrosis is defined as that affecting 30% or more of the epiphyseal surface. (B) Protocol schema indicating time points of early screening magnetic
resonance imaging and final assessment. DEX, dexamethasone; PRED, prednisone.
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extensive femoral head osteonecrosis, because this leads to joint collapse in
80% of patients within 2 years of diagnosis, underscoring the need for trials of
early intervention to prevent progression.13 Thus, we defined lesions affecting
� 30% of the epiphyseal surface as extensive hip osteonecrosis, because they

are associated with a high risk of subsequent collapse.8 The first two MRIs
performed were considered early screening evaluations. Some patients under-
went additional MRI examinations between screening time points for clinical
indications, which were used in the calculation of cumulative incidence. How-
ever, the final classification of each joint was based on the off-therapy MRI.

Sensitivity, specificity, the number of joints needed to screen (NJNTS) to
identify each lesion, and the number of patients needed to screen to identify
patients with at least one hip affected were calculated for the entire cohort and
by age group (� v�10 years old). In the sensitivity and specificity calculations,
only patients with both early screening and final screening MRIs were evalu-
ated; we considered osteonecrosis of the metaphysis or less than 30% of the
epiphysis as negative screening tests. Hips without extensive osteonecrosis
identified by screening MRI that subsequently developed extensive lesions
were considered to have had false-negative screening results (Fig 1). Patients
with extensive lesions at screening that had improved to involve less than 30%
of the epiphyseal surface or resolved at the time of final screening were consid-
ered false-positive screening results (Tables 1 and 2).

Symptom Assessment

At weekly clinic visits for chemotherapy administration, patients were
directly asked about symptoms that could be attributable to osteonecrosis,
including pain or disability and the joint involved, as part of a general review of
systems performed by treating clinicians. Patients reporting joint pain only
after being informed of the presence of osteonecrosis by screening MRI were
considered to have been asymptomatic at the time MRI was performed.
Patients with femoral head osteonecrosis who reported lower extremity pain
were considered to have symptomatic osteonecrosis, even if the pain may have
resulted from osteonecrosis lesions in the distal femur or tibia. Those reporting
transient lower extremity pain that was temporally associated with vincristine
administration were considered to have asymptomatic osteonecrosis.

Management of Extensive Osteonecrosis Detected

by Screening

Patients with hip osteonecrosis were referred to orthopedics; manage-
ment was individualized based on the size and location of lesions, the degree of
symptoms, timing of lesion development, patient age, and ALL risk group.
Interventions used included reduction or subsequent omission of steroids, use
of crutches to prevent weight-bearing, nutritional intervention for obese pa-
tients to encourage weight loss, recommendations for non–weight-bearing
exercise, and combinations of these. No patient received statins, bisphospho-
nates, or other pharmacologic interventions for osteonecrosis. Surgical inter-
vention was performed at the discretion of the orthopedist to relieve
symptoms in patients who became symptomatic before joint collapse.

A B

C D

Fig 2. Magnetic resonance images (MRIs) showing a normal hip and hips with
clinically significant osteonecrosis in an asymptomatic patient. Arrows indicate the
border of the osteonecrotic lesions. Thick arrows mark epiphyseal osteonecrosis, and
thin arrows mark metaphyseal lesions. These (A to C) coronal noncontrast T1-weighted
and (D) short tau inversion recovery–weighted MRIs show (A) a normal hip, (B) a hip with
a small (� 30%) epiphyseal osteonecrotic lesion and involvement of the femoral neck
and proximal diaphysis, and (C and D) a more than 30% lesion of the femoral head along
with involvement of the femoral neck. Panel D shows how the percentage involvement
of the epiphyseal surface is measured. The yellow circumference shows the entire
epiphyseal surface, and the red line shows the length of the epiphyseal surface affected
by the lesion (delimited by red arrows).

Table 1. Utility of Early MRI Screening for Extensive Osteonecrosis Affecting � 30% of the Epiphyseal Surface in Pediatric Patients Treated With Fixed Doses
and Schedules of Glucocorticoids for Acute Lymphoblastic Leukemia

Patient Group

No. of Hips

Sensitivity (%) Specificity (%)
No. of Joints

Needed to Screen

Total�

True-
Positive

Screening

False-
Positive

Screening

False-
Negative
Screening

True-
Negative
Screening

Positive
Final

Outcome Rate 95% CI Rate 95% CI No. 95% CI

All patients� 744 37 4 7 696 44 84.1 70.6 to 99.8 99.4 98.5 to 99.8 20.1 14.8 to 27.6
Age at diagnosis,

years
1-10 595 3 4 1 587 4 75.0 30.1 to 95.4 99.3 98.3 to 99.7 198 67.9 to 583
11-20 149 34 0 6 109 40 85.0 70.2 to 94.3 100 96.7 to 100 4.4 3.3 to 5.9

Abbreviation: MRI, magnetic resonance imaging.
�Although 462 patients had at least one screening MRI and are included in calculations of cumulative incidence and risk factors for osteonecrosis, only 374 patients

(744 joints) had both an early screening MRI and a final screening MRI and are included in calculations of the sensitivity, specificity, and the number of joints and
patients needed to screen to identify each case of extensive osteonecrosis. In all patients, MRI was performed on both hips when it was performed. To understand
the apparent discrepancy between 374 patients and 744 joints, see Screening Outcomes under Results.
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Statistical Analyses

Potential risk factors analyzed for osteonecrosis included age at diagno-
sis, sex, body mass index (BMI) at diagnosis, self-reported race, physeal status
at the time of MRI, and leukemia risk group. Age was categorized as older than
10 years versus 10 years or younger, a cutoff typically used in studies of children
with ALL, but age was also categorized in 5-year increments to determine
whether very young children differed from those age 10 to 15 years old (Ap-
pendix Tables A1 and A2, online only). BMI was defined using criteria from
the Centers for Disease Control and Prevention.15 The Fine and Gray model
was used to examine the relationship between potential risk factors and timing
of osteonecrosis.16 Death, relapse, and progression of leukemia were consid-
ered competing risks for osteonecrosis. Risk factors significant at the level of
P � .1 in univariable analysis were included in multivariable analysis, except
for age categories, which were analyzed as a binary variable (� v � 10 years)
and also in categories of 5 years each. The cumulative incidence of osteonecro-
sis was calculated according to the method of Kalbfleisch and Prentice and
compared between groups using Gray’s test. Statistical analyses were per-
formed using SAS version 9.3 (SAS Institute, Cary, NC). Results were analyzed
by patient to determine risk factors for osteonecrosis and by joint to determine
the utility of screening and the progression to collapse and total hip arthro-
plasty. There were no adjustments for multiple comparisons.

RESULTS

Patient Demographics

Of 498 patients enrolled, 462 underwent at least one MRI of the hips
and compose the study cohort (Appendix Table A1, Fig 1). Thirty-six
patientsdidnotundergoMRIscreeningasaresultofearlydeath(n�10),
early relapse or hematopoietic stem-cell transplantation (n � 15), or
nonmedical reasons (n � 11) including refusal and logistical conflicts.
Twenty-seven patients underwent a single MRI of the hips, 89 underwent
two MRIs, and 346 completed all three protocol-specified MRI studies,
for a total of 1,243 protocol-specified MRIs. The 88 patients missing early
screening MRI or the final screening MRI were excluded from analyses of
sensitivity and specificity of screening (Fig 1). We included 281 additional
MRIs performed for clinical indications in the calculations of cumulative
incidence of osteonecrosis, but not in the sensitivity and specificity calcu-
lations,whichevaluatedonlyMRIsdoneasearlyscreeningorfinalscreen-
ing (Fig 1). No patients were diagnosed with hip osteonecrosis before the
first screening study, consistent with previously published studies of
symptomatic osteonecrosis, in which lesions were rarely identified within
6 months of starting glucocorticoids.6,7,17 There were no statistically sig-

nificant differences in age at diagnosis, race, or sex between the 462 pa-
tients with at least one MRI and the 36 patients who did not undergo any
MRI screening. However, patients with higher risk ALL were more likely
than lower risk patients to have no MRI because of their higher rates of
early death and stem-cell transplantation before undergoing the first
protocol-specified MRI (12% v 2%, respectively; P � .001).

Hip Osteonecrosis by Patient

The cumulative incidence of osteonecrosis involving the epiphy-
sis or metaphysis of at least one hip was 17.1% � 1.8% after early
screening (1 year) and 21.7% � 1.9% after completion of therapy (4
years; Fig 3; Appendix Table A1; and Appendix Fig A1, online only).
Independent risk factors included age more than 10 years at diagnosis
(P � .001), treatment on the higher risk arm of the protocol (P �
.006), and race other than black, Hispanic, or white (P� .034), but not
sex, BMI at diagnosis, or physeal patency. Among patients 11 to 15

Table 2. Utility of Early MRI Screening for Extensive Osteonecrosis Affecting � 30% of the Epiphyseal Surface in Pediatric Patients Treated With Fixed Doses
and Schedules of Glucocorticoids for Acute Lymphoblastic Leukemia

Patient Group

No. of Patients

Sensitivity (%) Specificity (%)
No. of Joints

Needed to Screen

Total�

True-
Positive

Screening

False-
Positive

Screening

False-
Negative
Screening

True-
Negative
Screening

Positive
Final

Outcome Rate 95% CI Rate 95% CI No. 95% CI

All patients� 374 22 4 4 344 26 84.6 66.5 to 93.8 98.8 97.1 to 99.6 17.0 11.4 to 25.5
Age at diagnosis,

years
1-10 298 2 4 1 291 3 66.7 20.8 to 93.8 98.6 96.6 to 99.5 149.0 41.4 to 543
11-20 76 20 0 3 53 23 86.9 66.4 to 97.2 100 93.2 to 100 3.8 2.7 to 5.6

Abbreviation: MRI, magnetic resonance imaging.
�Although 462 patients had at least one screening MRI and are included in calculations of cumulative incidence and risk factors for osteonecrosis, only 374 patients

(744 joints) had both an early screening MRI and a final screening MRI and are included in calculations of the sensitivity, specificity, and the number of joints and
patients needed to screen to identify each case of extensive osteonecrosis. In all patients, MRI was performed on both hips when it was performed. To understand
the apparent discrepancy between 374 patients and 744 joints, see Screening Outcomes under Results.
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Fig 3. Cumulative incidence of hip osteonecrosis by femur site in pediatric
patients with acute lymphoblastic leukemia. The blue dotted line represents
patients with any hip osteonecrosis, including epiphysis (to any extent) or
metaphysis. The red dashed line represents patients with osteonecrosis of the
epiphysis (regardless of the extent of epiphyseal involvement, but excluding
patients whose only sites of hip osteonecrosis were in the metaphysis). The
black line shows patients with epiphyseal osteonecrosis affecting � 30% of the
articular surface, which represents extensive osteonecrosis with high risk of
subsequent joint collapse and need for arthroplasty.
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years old at the time of ALL diagnosis (11.5 to 15.5 years old at the time
of MRI screening), the risk of osteonecrosis was not associated with
physeal patency (Appendix Fig A2, online only).

Extensive Hip Osteonecrosis Affecting > 30% of the

Epiphyseal Surface

By the end of therapy, extensive femoral head osteonecrosis af-
fecting � 30% of the epiphyseal surface had developed in 6.5% �
1.1% of all patients and 24% � 4.4% of those older than 10 years (Fig
2; Appendix Table A2). Of 48 involved joints in 30 patients, 41 joints in
26 asymptomatic patients were identified by early screening, and
seven joints in four patients developed extensive osteonecrosis at later
times and were classified as false-negative screening results (Fig 1,
Tables 1 and 2). The hazard ratio for extensive osteonecrosis in pa-
tients age 11 to 20 years old was 15.6 (95% CI, 6.7 to 36.2; P � .001),
and multivariable analysis found that age was the only independent
predictor of extensive osteonecrosis (Appendix Table A2). Patients 6
to 10 years old had 1.7 times more extensive osteonecrosis than those
0 to 5 years old, but this difference was not statistically significant (P �
.50). Furthermore, patients 11 to 15 years old had the same incidence
of extensive osteonecrosis as those older than 15 years, supporting the
age of 10 years chosen for dichotomy (Appendix Table A2).

Screening Outcomes

A total of 48 joints (30 patients) were identified with extensive
lesions (Fig 1, Tables 1 and 2). Of the 40 extensive lesions in children
older than 10 years, 19 progressed to joint collapse and required total
hip arthroplasty, and none of the remaining 21 hips had improved at
the time of final evaluation. Of the eight extensive lesions in children
age 10 years and younger, none required arthroplasty; four had im-
proved significantly at the time of final evaluation. The NJNTS for all
patients was 20.1 joints (95% CI, 14.8 to 27.6 joints) to identify each
extensive epiphyseal lesion; the NJNTS was 4.4 joints (95% CI, 3.3 to
5.9 joints) among children older than 10 years and 198 joints (95% CI,
67.9 to 583 joints) among those age 10 years and younger (Tables 1 and
2). The number of patients needed to screen for all patients was 17.0
patients; for those older than 10 years, the number of patients needed
to screen was 3.8 patients, and for those age 10 years or younger, it was
149 patients. The sensitivity and specificity of MRI screening for ex-
tensive epiphyseal lesions are listed in Tables 1 and 2.

Once an extensive osteonecrosis lesion was identified, the af-
fected hip was considered positive for analysis of final screening,
whether a final screening MRI was done or not, because in many cases,
the patient would have had hip arthroplasty that makes final screening
unnecessary, and in no case did the lesions resolve by the end of the
study period (although in four hips of younger children, improvement
was noted; Fig 1). In four patients, one hip was positive at early
screening and the other negative, but no final screening was per-
formed to determine the final status of the hip without osteonecrosis.
Therefore, these four patients were classified as having extensive os-
teonecrosis (based on one affected hip), but the contralateral joint was
excluded from analysis of sensitivity of screening in the joint-by-joint
analysis, because a new lesion may have developed in that hip that was
not detected as a result of lack of final screening.

Symptomatic Osteonecrosis

No patient was diagnosed with symptomatic hip osteonecrosis
before early screening, but 19 of 30 patients reported hip symptoms

within 0 to 12 months of diagnosis of extensive femoral head osteone-
crosis, and 12 patients required arthroplasty of 19 hips (Fig 1).

DISCUSSION

Screening MRI identified a high incidence (22%) of early extensive hip
osteonecrosis in patients treated for ALL, especially among those older
than 10 years. Importantly, 24% of patients older than 10 years had
extensive osteonecrosis, placing them at high risk for subsequent joint
collapse.8 Even patients 6 to 10 years old had 1.7 times more hip osteone-
crosisthanthoseyoungerthan6years(AppendixTableA1).Althoughthe
risk of symptomatic osteonecrosis has been reported to be higher during
puberty,wefoundnodifferenceinosteonecrosisratesbetweenpatients11
to 15 years old and those 16 to 20 years old. Among patients 11 to 15 years
old, physeal patency, a marker of skeletal immaturity, did not alter osteo-
necrosis risk (Appendix Fig A2).6,7,13,18,19 However, whether or not phy-
seal patency influences the rate of progression and collapse is unknown.
Because, to our knowledge, this is the first large-scale screening study
conducted in children, the findings may differ from studies of symptom-
atic osteonecrosis, in which lesions that do not progress or cause pain
would not be detected. It is not surprising that more osteonecrosis oc-
curred in children treated on the standard-/high-risk arm of the protocol,
because this arm included more dexamethasone and more intensive as-
paraginase therapy, which in turn increased systemic exposure to dexa-
methasone.13 Neither sex nor BMI at diagnosis affected the incidence of
osteonecrosis.

On the basis of prospectively acquired protocol-driven MRI of the
hips obtained after standardized exposure to glucocorticoids, we found
osteonecrosis in17.1%ofpatientswithin1yearofstartingglucocorticoids
and in 21.7% of patients by the end of ALL therapy, such that 79% of
patients who would ultimately develop osteonecrosis did so within 1 year
ofstartingglucocorticoids(AppendixTableA1).Screeningofasymptom-
aticpatientswhohavenotdevelopedhiposteonecrosisby1yearhasa low
yield, because only 4.6% of patients develop new osteonecrosis beyond
this time point. Even if subsequent screening is limited to patients older
than 10 years, only an additional 6.3% of patients had lesions detected
between 1 year (46.9% cumulative incidence) and 4 years (53.2% cumu-
lative incidence) from ALL diagnosis.

Optimizing interventions to prevent or mitigate osteonecrosis re-
quires identification of high-risk patient cohorts (eg, children � 10 years
old), identification of the timing of lesion development relative to gluco-
corticoid exposure (eg, within 1 year of starting glucocorticoids), and
identification of MRI abnormalities that may presage osteonecrosis.20 At
the first screening MRI, 16 (4.3%) of 374 patients with early and final
screening MRIs already had extensive hip osteonecrosis, including 12
patients older than 10 years and four patients age � 10 years, indicating
that osteonecrosis may occur in some patients even after short durations
ofglucocorticoidtherapy.Thus, futurestudiesshould includeevenearlier
screening to determine when the earliest lesions develop. Novel MRI
techniques to identify prelesions may provide further opportunities for
early intervention.20,21 Finally, detailed studies of the natural history of
asymptomatic and symptomatic osteonecrosis are needed to document
the frequency, risk factors, and time course for progression or resolution.
In this study, we identified spontaneous resolution of extensive osteone-
crosis infourofeighthipsofchildren�10yearsoldbut innoneof34hips
among those older than 10 years.
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This large cohort of patients treated uniformly with defined doses
and schedules of glucocorticoids identified patients who could poten-
tially benefit from interventions aimed at limiting and ameliorating
osteonecrosis-related joint damage. We have demonstrated that most
osteonecrosis begins during the first year of glucocorticoid therapy,
although symptomatic osteonecrosis may occur months or years
later.7,22-24 Furthermore, early hip lesions can be extensive, with high
risk of subsequent joint collapse.8 However, additional follow-up is
needed to quantify the ultimate need for surgery, determine func-
tional outcomes, and develop effective interventions.

The only strategy proven in a randomized controlled trial to
reduce the development of symptomatic osteonecrosis is avoidance of
prolonged, continuous exposure to dexamethasone.7 In the Chil-
dren’s Cancer Group 1961 trial in high-risk ALL, 823 patients age 10 to
21 years at diagnosis who had a rapid early response to induction
chemotherapy were randomly assigned to receive dexamethasone 10
mg/m2 per day on days 0 through 20 of delayed intensification versus
10 mg/m2 per day on days 0 through 6 and 14 through 20. The
cumulative incidence of symptomatic osteonecrosis at any site was
17% in patients treated with 21 days of continuous dexamethasone
but only 8.7% in those treated with the interrupted schedule (hazard
ratio, 2.1; P � .001). Physical therapy, avoidance of weight bearing,
and other interventions have been proposed to reduce the risk of
osteonecrosis or mitigate its effects but require prospective evaluation
in high-risk cohorts.25,26 Detection of lesions at an early asymptomatic
stage affords opportunities for prompt enrollment onto clinical trials

of interventions to prevent progressive joint damage. Screening of
patients older than 10 years frequently identifies extensive epiphyseal
lesions (NJNTS, 4.4 joints), with high sensitivity and specificity. Pa-
tients without osteonecrosis at 1 year do not need to undergo further
screening unless symptoms develop.
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Appendix

Table A1. Cumulative Incidence and Risk Factors for Hip Osteonecrosis Diagnosed by Early Screening MRI (1 year) and After Completion of Therapy (4 years)

Demographic or Clinical
Characteristic

No. of
Patients

1 Year� 4 Years Univariable Analysis Multivariable Analysis

Cumulative
Incidence SE

Cumulative
Incidence SE

Hazard
Ratio 95% CI P†

Hazard
Ratio 95% CI P‡

All patients 462 17.1 1.8 21.7 1.9
Age at diagnosis (5-year

increments), years
1-5 262 8.0 1.7 11.5 2.0 Reference Reference
6-10 104 12.5 3.3 18.3 3.8 1.708 1.0 to 3.0 .060 1.474 0.8 to 2.6 .187
11-15 70 47.1 6.0 52.9 6.1 6.580 4.1 to 10.6 � .001 4.361 2.4 to 7.8 � .001
16-20 26 46.2 10.1 53.8 10.1 6.585 3.5 to 12.4 � .001 3.412 1.3 to 9.1 .014

Age at diagnosis, years
1-10 366 9.3 1.5 13.4 1.8 Reference
11-20 96 46.9 5.1 53.2 5.1 5.511 3.7 to 8.2 � .001

Race (self-reported)
White, non-Hispanic 319 17.6 2.1 22.3 2.3 Reference Reference
Black 71 18.3 4.6 22.6 5.0 1.007 0.6 to 1.7 .979 0.798 0.5 to 1.4 .419
Hispanic 55 9.1 3.9 12.7 4.5 0.509 0.2 to 1.1 .088 0.589 0.3 to 1.3 .185
Asian or other 17 35.3 12.1 41.2 12.5 1.702 0.7 to 3.9 .211 2.510 1.1 to 5.9 .034

Sex
Male 258 19.8 2.5 24.1 2.7 1.391 0.9 to 2.1 .107
Female 204 13.7 2.4 18.6 2.7 Reference

Body mass index category§
� 2 years old� 32 3.1 3.1 6.3 4.4 0.261 0.1 to 1.1 .062
Underweight 29 17.2 7.2 24.1 8.1 1.132 0.5 to 2.5 .757
Normal 281 17.1 2.2 21.0 2.4 Reference
Overweight 65 12.3 4.1 18.5 4.9 0.862 0.5 to 1.6 .627
Obese 55 30.9 6.3 36.4 6.6 1.897 1.1 to 3.2 .013

Risk classification
LR 235 9.4 1.9 11.9 2.1 Reference Reference
HR 227 25.1 2.9 31.8 3.1 3.055 2.0 to 4.7 � .001 1.979 1.2 to 3.2 .006

Combination of risk classification and
age category

LR, 1-10 years 220 7.3 1.8 9.5 2.0 Reference
HR, 1-10 years 146 12.3 2.7 19.2 3.3 2.080 1.2 to 3.6 .009
LR, 11-20 years 15 40.0 13.2 46.7 13.5 5.837 2.5 to 13.6 � .001
HR, 11-20 years 81 48.1 5.6 54.4 5.6 8.142 4.9 to 13.5 � .001

Physis status at time of first MRI
Open 412 13.8 1.7 18.0 1.9 Reference Reference
Closed 50 44.0 7.1 52.0 7.2 4.260 2.7 to 6.7 � .001 1.442 0.7 to 2.9 .301

Abbreviations: HR, higher risk (includes both standard- and high-risk groups); LR, lower risk; MRI, magnetic resonance imaging.
�Although screening MRIs were scheduled at 6.5 and 9 months of treatment; they were performed up to 2 months late in some patients, so that the cumulative

incidence of osteonecrosis at 1 year reflects those with osteonecrosis identified at early screening.
†P values for comparisons of each group with the reference group in univariable analysis.
‡P values for comparisons of each group with the reference group in multivariable analysis.
§Body mass index was defined as underweight if � 5th percentile, normal if 5th to less than 85th percentile, overweight if 85th to 95th percentile, and obese if

� 95th percentile for age and sex.
�Body mass index is not used for children younger than 2 years old.
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Table A2. Cumulative Incidence and Risk Factors for Extensive Hip Osteonecrosis Involving � 30% of the Epiphyseal Surface Diagnosed by Early Screening
MRI (1 year) and After Completion of Therapy (4 years)

Demographic or Clinical
Characteristic

No. of
Patients

1 Year� 4 Years Univariable Analysis Multivariable Analysis

Cumulative
Incidence SE

Cumulative
Incidence SE

Hazard
Ratio 95% CI P†

Hazard
Ratio 95% CI P‡

All patients 462 5.2 1.0 6.5 1.1
Age at diagnosis (5-year

increments), years
1-5 262 1.5 0.8 1.5 0.8 Reference Reference
6-10 104 1.9 1.4 2.9 1.7 1.950 0.4 to 8.7 .382 1.694 0.4 to 7.7 .496
11-15 70 20.0 4.8 24.3 5.2 19.745 6.6 to 59 � .001 13.887 4.0 to 48 � .001
16-20 26 15.4 7.2 23.1 8.5 19.600 5.7 to 67 � .001 12.275 2.3 to 66 .004

Age at diagnosis, years
1-10 366 1.6 0.7 1.9 0.7 Reference
11-20 96 18.8 4.0 24.0 4.4 15.587 6.7 to 36 � .001

Race (self-reported)
White, non-Hispanic 319 5.6 1.3 7.2 1.5 Reference Reference
Black 71 5.6 2.8 5.6 2.8 1.001 0.4 to 2.6 .998 0.772 0.3 to 2.1 .605
Hispanic 55 1.8 1.8 3.6 2.5 0.478 0.1 to 2.0 .316 0.637 0.1 to 2.7 .546
Asian or other 17 5.9 5.9 5.9 5.9 0.838 0.1 to 6.2 .862 1.151 0.2 to 8.8 .892

Sex
Male 258 4.7 1.3 5.8 1.5 0.748 0.4 to 1.5 .419
Female 204 5.9 1.7 7.4 1.8 Reference

Body mass index category§
� 2 years old� 32 0 0 — .984
Underweight 29 3.4 3.5 6.9 4.8 0.960 0.2 to 4.1 .956
Normal 281 5.7 1.4 6.8 1.5 0.410 0.1 to 1.8 .229
Overweight 65 1.5 1.5 3.1 2.2 1.866 0.8 to 4.4 .156
Obese 55 10.9 4.2 12.7 4.5 1.705 0.7 to 4.0 .219

Risk classification
LR 235 2.6 1.0 2.6 1.0 Reference Reference
HR 227 7.9 1.8 10.6 2.0 4.912 2.0 to 12 � .001 1.786 0.7 to 4.8 .251

Combination of risk classification
and age category

LR, 1-10 years 220 1.4 0.8 1.4 0.8 Reference
HR, 1-10 years 146 2.1 1.2 2.7 1.4 2.211 0.5 to 9.9 .299
LR, 11-20 years 15 20.0 10.7 20.0 10.7 16.708 3.4 to 83 � .001
HR, 11-20 years 81 18.5 4.3 24.7 4.8 23.921 7.1 to 80 � .001

Physis status at time of first MRI
Open 412 3.9 1.0 4.6 1.0 Reference Reference
Closed 50 16.0 5.2 22.0 5.9 6.407 3.1 to 13 � .001 1.221 0.4 to 3.5 .706

Abbreviations: HR, higher risk (includes both standard- and high-risk groups); LR, lower risk; MRI, magnetic resonance imaging.
�Although screening MRIs were scheduled at 6.5 and 9 months of treatment; they were performed up to 2 months late in some patients, so that the cumulative

incidence of osteonecrosis at 1 year reflects those with osteonecrosis identified at early screening.
†P values for comparisons of each group with the reference group in univariable analysis.
‡P values for comparisons of each group with the reference group in multivariable analysis.
§Body mass index was defined as underweight if � 5th percentile, normal if 5th to less than 85th percentile, overweight if 85th to 95th percentile, and obese if

� 95th percentile for age and sex.
�Body mass index is not used for children younger than 2 years old.
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Fig A1. (A) Cumulative incidence of osteonecrosis in the epiphysis or metaphysis of either hip in pediatric patients with acute lymphoblastic leukemia by age group.
(B) Cumulative incidence of osteonecrosis in the epiphysis or metaphysis of either hip in pediatric patients with acute lymphoblastic leukemia by leukemia risk group.
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Fig A2. Cumulative incidence of osteonecrosis of either hip by physeal patency status among patients 11 to 15 years old.
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