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Ematologia e Oncologia Pediatrica (AIEOP)-ALL 95, to 25%
in the German Co-operative Study Group childhood acute
lymphoblastic leukaemia (CoALL)-07-03 trials.*”® The ON
incidence rises up to 59% in the Total XV protocols, which
planned a systematic screening in all patients regardless of
symptoms.” Reported incidence rates in ALL studies may
depend on age eligibility, treatment strategy (cumulative
dose of steroids and other drugs) and diagnostic approach,
which can be limited to severely symptomatic patients or pa-
tients with mild symptoms or even include screening proce-
dures. In addition, censoring or not patients upon stem cell
transplantation (SCT) and/or relapse may contribute sub-
stantially to the load of this complication.®’

Besides variations in diagnostics, what is still lacking is a
universally accepted classification useful to predict clinical
evolution and guide management and therapy. There are many
radiological classification systems, developed with the aim
to assess clinical relevance and consequences of ON lesions
(Arlet-Ficat, Steinberg, and Association Research Circulation
Osseous [ARCO] classification are among the most common),
but the major weakness of these scoring systems is joint speci-
ficity for the femoral head, whereas patients with cancer often
have multiple sites in various bones involved by the ON pro-
cess.'”"® The Niinimiki classification has been proposed as a
universal classification system for oncological patients, suit-
able for all joints, regardless of the site of injury."*

In our study the incidence of ON was assessed in a cohort
of paediatric patients with ALL during the whole observa-
tion time, not only during front-line chemotherapy, but also
after relapse and/or SCT. This approach may help to define
the real risk of developing ON in a paediatric patient with
ALL upfront, through the different stages of the disease and
its therapy. We analysed sites and frequency of ON lesions
and classified them according to radiological features. The
aim of ON treatment is to avoid lesion progression that can
lead to articular collapse, therefore a better understanding
of the features that would possibly correlate with the lesion
prognosis could play a crucial role.

PATIENTS AND METHODS
Patients

All 256 consecutive patients diagnosed with ALL in our
Institution, between October 2010 and December 2016, were
eligible for this analysis. Patients were allocated to the AIEOP-
Berlin-Frankfurt-Miinster (BFM) ALL 2009 Study, except for
four patients with Philadelphia-chromosome positive ALL,
who proceeded according to the European intergroup study
of post-induction treatment of Philadelphia-chromosome-
positive ALL (EsPhALL) Study, with the addition of the
tyrosine-kinase inhibitor (TKI). The AIEOP-BFM ALL 2009
(European Union Drug Regulating Authorities Clinical
Trials Database [EudraCT] number 2007-004270-43) study
was approved by the institutional Ethics Committee and was
conducted in accordance with the Declaration of Helsinki.
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Patients entered the study after informed consent was ob-
tained from parents or legal guardians.

Demographics and clinical variables regarding the diag-
nosis of ALL were extracted from the AIEOP ALL national
registry.

Diagnostic magnetic resonance imaging (MRI) of the
lower limbs were performed in the case of symptoms sug-
gestive for ON, including pain or gait abnormality. In a few
patients, MRI of upper limbs was also performed in the case
of pain in the upper limbs. Additionally, in adolescents pro-
ceeding to haematopoietic SCT (HSCT), MRI of the lower
limbs might be performed as screening pre-HSCT. Clinical
data of the 41 patients with a diagnosis of ON were obtained
from medical records and radiological imaging digital
archive.

The ALL treatment is described in the
Supplementary Materials

Radiological revision of ON lesions

All the MRIs performed in the affected patients were evalu-
ated by dedicated orthopaedists, ON lesions have been clas-
sified and studied over time.

A full hip and lower limb MRI was planned for patients
diagnosed with lower limb ON.

Assessed sites for possible ON lesions are described in the
Table S1. A total of 10 joints per patient (five bilateral: hip,
knee, ankle, shoulder, elbow) were considered. In each area
(including joints and diaphysis, as per description in Table
S1) multiple sites of lesions could be detected. Sites of lesions
were classified as diaphysis, convex or concave surface for
the purpose of the study analysis (Table S1). The diagnosis
of ON was based on radiological criteria: oedema is a pre-
osteonecrosis stage and is characterised by a low signal in
T1-weighted images and a high signal in T2-weighted im-
ages. When ON is diagnosed most often a crescentic, ring-
like or well-defined band of low signal within the superior
portion of the subchondral bone marrow is present in T1-
weighted images. In T2-weighted images, the subchondral
lesion shows a high signal intensity inner border with a low
signal intensity peripheral rim. This is termed the ‘double-
line’ sign, which is specific for the diagnosis of ON.

All the lesions were stratified according to the Niinimaki
classification.

Statistical analysis

The association between ON and age, immunophenotype,
gender and final risk group was analysed using a univariate
Cox regression approach on the cause-specific hazard of ON;
p values were calculated according to the likelihood ratio
test. The Cox regression model was applied to investigate the
impact of age, immunophenotype and final risk group on
the risk of developing ON during front-line chemotherapy
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and, separately, during the whole observation time (i.e., after
relapse or SCT, when appropriate). In these latter models, re-
lapse and HSCT, respectively, were added as time-dependent
variables in two different models. The cumulative incidence
was estimated, accounting for death as a competing event for
ON episodes occurring during the whole observation time,
including post-relapse or -transplant, or during front-line
treatment only, for which patients were censored upon re-
lapse or transplant.

Data analyses were performed using the Statistical
Analysis System (SAS), version 9.4 (SAS Institute Inc., Cary,
NC, USA).

Patient data were updated as of May 2019.

RESULTS
Incidence of ON

Osteonecrosis was diagnosed in 41 of the 256 analysed pa-
tients with ALL (16.0%). Detailed patient characteristics are
summarised in Table 1. The median (interquartile range
[IQR]) follow-up time after ALL diagnosis was 50 (39-
63) months. The median (IQR) time of clinical follow-up
after the diagnosis of ON was 32 (22-48) months.

In all, 32 (78.0%) of the 41 patients developed ON during
front-line treatment: 15 during consolidation or re-induction
treatment (three during high-risk protocol blocks and 12
during Protocol II or III), 14 during maintenance and three
after treatment elective discontinuation. Four (9.8%) patients
were diagnosed with ON during second-line chemotherapy
after relapse and five (12.2%) after SCT in complete response
(CR)1 or CR2 (Figure S1).

TABLE 1 Characteristics of patients with and without osteonecrosis.
Data are reported as absolute numbers and percentages

With ON, Without Total,
n (%) ON,n(%) N P
TOTAL 41 (16.0) 215(84.0) 256
Gender 0.31
Male 27 (18.0) 123 (82.0) 150
Female 14 (13.2 92 (86.8) 106
Age, years < 0.001
1-9 11 (5.8) 180 (94.2) 191
10-14 19 (45.2) 23 (54.8) 42
15-17 11 (47.8) 12 (52.2) 23
Immunophenotype 0.01
B-lineage 29 (13.6) 185 (86.4) 214
TALL 11 (28.2) 28 (71.8) 39
other 1 2 3
Final risk group <0.001
No high risk 18 (9.4) 174 (90.6) 192
High risk 23 (35.9) 41 (64.1) 64

A lower limbs MRI was planned for ON screening in older
patients undergoing HSCT. Seven of the 14 patients undergo-
ing SCT in CR1 had a ‘screening’ MRI and four were positive;
six out of the 23 patients undergoing SCT in CR2 had a ‘screen-
ing’ MRI (two patients were already diagnosed with ON) and
four were positive. Among the eight patients diagnosed with
ON in an asymptomatic phase (screening pre-HSCT), only two
never developed symptoms and were not tested again by MRI,
both of them had only diaphyseal lesions (tibial and femoral);
the remaining six developed symptomatic ON.

The mean (SE) cumulative incidence of ON overall was
12.3 (2.1)% at 2 years, 14.8 (2.2)% and 16.3 (2.4)% at 3 and
5 years respectively (Figure 1A).

The mean (SE) cumulative incidence of ON accounting only
for ON diagnosed during or after the front-line AIEOP-BFM ALL
2009 protocol, after censoring at relapse or SCT, was 11.1 (2.0)%
and 12.7 (2.1)% at 2 and 5 years respectively (Figure 1B).

The mean (SE) cumulative incidence of ON among pa-
tients undergoing either SCT in CR1 or chemotherapy +
SCT after relapse, was 15.0 (5.0)% and 18.5 (5.7)% at 2 and
5 years respectively (Figure 1C).

Risk factors

The percentage of patients with ON was 18.0% (n = 27) in
males and 13.2% in females (n = 14; p = 0.30); 30 (46.2%) of the
65 patients aged 210 years developed ON, 11 of whom (47.8%)
were aged 215 years (patient characteristics in Table 1). Age
distribution between the group of patients with and with-
out ON was statistically significant (p < 0.001). According
to immunophenotype, the percentage of ON patients with
T-immunophenotype versus those with B-lineage ALL was
28.2% (n = 11) versus 13.6% (n = 29; p = 0.02). In high-risk
patients, there were 23 cases of ON (35.9%), compared with
18 (9.4%) in non-high-risk patients (p <0.001). These results
were confirmed also when only the 32 ON occurring during
front-line treatment were considered. Detailed patient char-
acteristics are summarised in Table 1.

Three out of the four patients with Philadelphia (Ph)-
positive ALL and treated with additional TKI (imatinib or
dasatinib) developed symptomatic ON during maintenance
of front-line chemotherapy (two cases, both had no SCT
in CR1), whereas the third patient was diagnosed with ON
after SCT in CRI. The patient without ON died in remis-
sion during consolidation, therefore he was only partially
evaluable.

The multivariate analyses assessed that the risk of ON di-
agnosis, when also ON after relapse and SCT were consid-
ered, was significantly higher in high-risk patients and in
patients aged >10 years. A significant impact of SCT could
not be demonstrated in this patient series (hazard ratio [HR]
0.94, 95% confidence interval [CI] 0.33-2.67; p = 0.91; Table 2,
Model A), whereas the impact of relapse was associated with a
significant increased risk of ON (HR 2.91, 95% CI 1.25-6.78;
p = 0.01; Table 2, Model B). The risk of ON diagnosis exclu-
sively during or after front-line treatment was fivefold higher in
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high-risk patients, compared with standard- and intermediate-
risk patients (HR 5.39, 95% CI 2.61-11.12; p < 0.001) and 10-fold
higher in patients aged 210 years (HR 10.31, 95% CI 4.54-23.44;
P <0.001), whereas no significant impact of immunophenotype
could be demonstrated (Table 2, Model C).

Radiological assessment

A total of 177 MRI were evaluated (median [range]
4 [1-10] MRI/patient).

Upon the first positive MRI for each of the 41 patients,
a total of 293 lesions were detected, with a median (range,
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FIGURE 1 Cumulative incidence of osteonecrosis (ON). The
diagnosis of the first osteonecrotic lesions (A). Overall cumulative
incidence of ON in the cohort of 270 patients with acute lymphoblastic
leukaemia (ALL), through front-line and second-line chemotherapy and
transplant, where appropriate. Observations were censored at the time of
last follow-up with death being considered as the only competing event.
The mean (SE) cumulative incidence of ON overall was 12.3 (2.1)% at
2-years, 14.8 (2.2)% and 16.3 (2.4) % at 3 and 5-years respectively. (B)
Cumulative incidence of ON in front-line patients with ALL treated
according AIEOP-BFM ALL 2009 protocol in Monza. Observations were
censored at the time of last follow-up, relapse, or transplant, with death
being considered as the only competing event. The mean (SE) cumulative
incidence of ON accounting only for ON diagnosed during the front-line
AIEOP-BFM ALL 2009 protocol, after censoring at relapse or SCT, was
11.1 (2.0)%, 12.3 (2.1) % and 12.7 (2.1) % at 2, 3 and 5-years respectively.
(C) Cumulative incidence of ON in patients who experienced a relapse

or underwent haematopoietic stem cell transplantation (HSCT). The
mean (SE) cumulative incidence of ON among patients undergoing either
SCT in CR1 or chemotherapy + SCT after relapse, was 15.0 (5.0)% and
18.5 (5.7)% at 2 and 5 years respectively [Colour figure can be viewed at
wileyonlinelibrary.com]

IQR) of 6 (1-20, 3-10) lesions/patient, with 101 of them af-
fecting convex surfaces only (i.e., diaphyseal and concave
surface lesions not taken into account).

Five patients had had a single MRI at the time of last fol-
low-up (two deaths, two resolutions of symptoms, one fol-
low-up for ON in another centre). Thus, the radiological
evolution of ON lesions could be assessed in 36 patients of
the 41 diagnosed with ON. The median (range, IQR) time
elapsed between the first and last radiological imaging (time
between first and last MRI) was 25 (4-60, 13-44) months.

When the MRI detecting the highest number of lesions was
considered for each patient, 375 lesions (140 lesions on convex
surfaces, 96 on concave surfaces and 139 on diaphyses) were
counted, accounting for the maximum number of lesions si-
multaneously detected per patient anytime. The median num-
ber of lesions increased over time from 6 to 8 /patient (3—4 on
convex surfaces) (range 1-20, IQR 5-12). A total of 131 joints
were affected with ON, with a median (range) of 4 (1-7) joints/
patient involved in the 37 patients assessed over time.

The knee was the most affected joint, being affected in
33 patients (80%), with 107 lesions detected, involving ei-
ther left or right femoral medial or lateral condyle, tibial
plate and patella, assessed as single different lesions. The
second most affected joint was the ankle, with 64 lesions
found in 24 patients (59%) and the hip was affected by 27
lesions in 17 patients (41%). In the foot, 26 lesions were
found in 13 patients (32%). Five lesions were found at the
shoulders, one at the elbow and none in the humeral di-
aphysis, but the upper limbs were radiologically assessed
only in a very few patients who were symptomatic at that
level. Diaphyses of the lower limbs were found to be af-
fected with several lesions, 87 in the tibia (29 patients, 71%)
and 52 in the femur (28 patients 68%).

When the first positive MRI was performed, five of the 41
patients (12%) had a single ON lesion (four on a convex sur-
face), while during follow-up all but one patient did develop
additional lesions, thus 98% of the affected patients had mul-
tiple lesions detected by MRI at some point.
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TABLE 2

Multivariate analysis on the risk of developing osteonecrosis the whole observation time (Model A, accounting for stem cell

transplantation; and Model B, accounting for relapses) or in front-line (Model C)

Model A Model B Model C
HR (95% CI) P HR (95% CI) P HR (95% CI) P

Age, years

1-9 1 1 1

10-17 11.22 (5.34-23.57) <0.001 10.79 (5.09-22.87) <0.001 10.31 (4.54-23.44) <0.001
Immunoph.

B-lineage 1 1 1

T ALL 1.52 (0.74-3.15) 0.26 1.45 (0.71-2.95) 0.31 1.80 (0.83-3.93) 0.14
Final risk

No high risk 1 1 1

High risk 3.96 (1.99-7.87) <0.001 3.56 (1.85-6.85) <0.001 5.39 (2.61-11.12) <0.001
HSCT

No 1 — — — —

Yes 0.94 (0.33-2.67) 0.91
Relapse

No — — 1 — —

Yes 2.91 (1.25-6.78) 0.01

TABLE 3 Niinimiki stage distribution in the osteonecrosis lesions detected upon diagnosis and at worst magnetic resonance imaging
Convex surfaces Concave surfaces Diaphyses
MRI at MRI with max. MRI at MRI with max. MRI with max.

Niinimiki Stage diagnosis Grade lesions diagnosis Grade lesions MRI at diagnosis Grade lesions
Stage 0 391 334 360 331 291 260
Stage 2 2 4 7 11 119 150
Stage 3 34 57 33 47 — —
Stage 4 63 92 10 21 — —
Stage 5 2 5 0 0 — —
TOTAL 492 492 410 410 410 410

Among the 17 patients with ON of the hip, eight had bilat-
eral involvement (47%). The bilateral involvement was more
frequent in the knee 24/33 (73%) and for 23/24 (96%) patients
with ON in ankles. Regarding the diaphyses, the tibia was
involved in both sides in 26 of 29 patients (90%), whereas
bilateral involvement of the femoral diaphysis was found in
24 of 28 patients (86%).

Of the 13 patients screened with lower-limbs MRI before
transplant, eight were found to be positive and only two
never developed symptomatic ON. Both of them had only
diaphyseal lesions.

Radiological classification and
outcome of lesions

All the ON lesions were stratified according to the Niinimaki
classification. Progression of the lesions over time according
to the Niiniméki score is represented in Table 3, with grading

detected at first MRI and at worst MRI (highest grade detected)
per patient. This approach allowed us to describe the evolution
of each lesion over time, either towards an improvement or a
worsening, of both joints as well as diaphyseal lesions.

Diaphysis only had Grade 0 (absence of lesion) or Grade
2 (presence of lesion) as per classification, as Grade 1 in
diaphyses refers only to non-weight-bearing bones."
Diaphyseal lesions completely disappeared in 28% of the
cases at the last follow-up (Table 3). None of the patients
reported a pathological fracture related to ON of diaphy-
ses. Lesions involving concave surfaces had little clinical
significance, with 54% of the lesions resolved or improving
during follow-up, while 53% of the lesions that progressed
more than one grade or reached Grade 4 were located on
convex surfaces (Table 3).

The mean (SE) cumulative incidence of ON in convex
surfaces, considered as the lesions at worst evolution, was
15.2 (2.4)% at 5 years after the first osteonecrotic lesion in a
convex surface was detected (Figure S2).
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DISCUSSION

Our study matched its aim to assess ON incidence, type,
grade and identify risk factors in a cohort of patients with
ALL from their diagnosis until last follow-up.

The mean (SE) cumulative incidence of ON at 5 years
during the whole observation time, including post-relapse
and -transplant observations was 18.5 (5.7)%. Incidences
of symptomatic ON reported in the literature vary widely,
up to 25%, according to the level of vigilance among physi-
cians in charge, experience of radiologists and orthopaedics
and different front- and second-line treatment.”® Adverse
events such as ON may be under reported in national or in-
ternational studies compared with single institution studies,
committed towards optimising toxicity early diagnosis and
management. In our series, most of the patients (78%) were
diagnosed with ON during front-line chemotherapy.

The multivariate analysis assessed that the risk of ON
during front-line treatment was fivefold higher in high-risk
patients and 10-fold higher in patients aged =10 years. This
result confirms the major risk factors known from the litera-
ture.*'>'® Female gender was not a risk factor in our cohort,
whereas in the literature there is no consensus on this.>'”'®
T-immunophenotype was not confirmed as a risk factor in the
multivariate analysis per se, which is likely explained by the
fact that T-immunophenotype is strongly associated with older
age and high-risk features, which are associated with ON risk.®

Another Cox model, accounting for all ON diagnoses in-
cluding those occurring after relapse and SCT showed that
the risk of ON remained significantly higher in high-risk pa-
tients (HR 3.2; p = 0.0005) and in patients aged >10 years (HR
9.8; p < 0.0001), while a significant impact of SCT could not
be confirmed (HR 0.9; p = 0.91), as the majority of ON in
the transplanted patients had already been diagnosed prior
to SCT. This shows that a high-risk treatment protocol is a
risk factor for ON per se, regardless of the fact that it is more
frequently associated with relapse and/or SCT, as confirmed
by the increased incidence of ON during the observation
time limited to the front-line protocol. It could be speculated
that SCT might act as a confounding factor, being often as-
sociated with high-risk features and relapses. Furthermore,
the diagnosis can be delayed and therefore it is difficult to
clearly assess the time of onset of the ON. Patients with high-
risk features have an older median age compared to rest of
the population, therefore the interaction between age and
a high-risk treatment protocol is certainly relevant to the
probability of developing ON. Our results are comparable to
the high prevalence of ON found by Sharma et al.”" before
transplant, which did not increase relevantly after SCT. The
inclusion of few pre-symptomatic ON diagnoses in our co-
hort, due to a pre-transplantation screening or early imaging
upon initial symptoms, essentially did not increase the final
overall incidence of ON, as virtually all early detected cases
would have been diagnosed anyway later on, due to the symp-
toms that were subsequently reported in all but two of these
eight patients. The possibility that also patients not eligible
for transplantation, therefore not screened with MRI, could
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have had asymptomatic ON could not be ruled out. Having
ON diagnosed upon SCT before specific symptoms occurred
might help patient management during the post-SCT course,
in terms of limiting the use of steroids in the case of graft-
versus-host disease (i.e., starting a combined therapy to fa-
cilitate an early steroid tapering), facilitating the diagnosis of
ON lesion worsening and referring patients to the orthopae-
dist to optimise treatment timing. Of the four patients with
ALL carrying the BCR/ABL translocation in our Institution,
three developed ON, while the fourth was not evaluable due
to early death during consolidation. Two of the three cases
had already developed ON before SCT and one after SCT in
CRI. Treatment within the high-risk protocol stratum must
have contributed to ON, but the young age of one patient
(<6 years) and the severity of the lesions suggest that addi-
tional treatment with TKI, as planned in Ph-positive patients,
may contribute to ON onset and severity, although it has not
been reported in the literature to date. Furthermore the im-
pact of TKI on bone mineral metabolism is well known.**~**

Osteonecrosis in patients with ALL is almost always char-
acterised by multiple lesions, with a median of six lesions/
patient at diagnosis in our cohort and as already reported by
others." The most frequent site of ON in our population was
the knee, consistent with other studies in paediatric ALL,
and not the hip, as reported mainly in adults.”"®

Available radiological classifications of ON have several
limitations, the Niinimaki scoring system, proposed for pa-
tients with cancer and first published in 2015, allowed us to
compare different types of ON lesions: convex surface, con-
cave surface, diaphysis. Diaphyseal lesions (especially tibial
and femoral) were very common in our patients but follow-
ing diaphyseal lesions over time was found not clinically rel-
evant as none of the patients developed complications, such
as pathological fractures, and 28% of the lesions disappeared
spontaneously. Moreover, two of the eight patients diagnosed
with asymptomatic ON who never developed symptoms had
only diaphyseal lesions (tibial and femoral). The involvement
of convex surfaces had the worst prognostic impact, as the
majority of the lesions worsened during follow-up (more than
Grade 2 or reaching Grade 4) were located on convex surfaces.

According to our study, assessment and classification
of the involvement of convex surfaces allowed us to detect
the most critical lesions. This is consistent with the disease
pathogenesis, as described in the literature. In the convex
articular surfaces, subchondral bone is thinner than in the
concave surfaces, making the concave articular surface stiff
and resistant. In addition, the shape of the surface plays a
role: during load, convex surfaces are subjected to convergent
forces whereas concave/plane surfaces are subjected to diver-
gent or parallel forces. These convergent forces can more eas-
ily lead to vaso-occlusion and subsequent ON development
in the convex articular sides.” In this perspective radiolog-
ical classification focussed on convex surfaces seems to help
to better identify lesions potentially with a worse prognosis.
The Steinberg classification is more focussed on the damage
of convex surfaces, but was available only for the femoral
head, thus our orthopaedists developed an adaptation for
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the knee and ankle. The adaptation followed the analysis of
the convex surface of femoral heads reported in the original
Steinberg classification (Table S2) and could be useful for fu-
ture managing of ON lesions.

CONCLUSION

Our study detected a high prevalence of ON in paediat-
ric patients with ALL, mostly occurring during front-line
treatment and generally presenting with multiple lesions.
Diaphyseal lesions were very common in our patients, but
over time had little clinical relevance as none of the patients’
developed complications, such as pathological fractures, and
28% of the lesions disappeared. The lesions with a higher
probability of worsening over time involved convex surfaces,
being the most relevant to be followed-up over time.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.
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