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ABSTRACT
Although bone fragility may already be present at diagnosis of pediatric acute lymphoblastic leukemia (ALL), routine performance of
dual-energy X-ray absorptiometry (DXA) in every child is not universally feasible. The aim of this study was to develop and validate a
risk prediction model for low lumbar spine bone mineral density (LS BMD Z-score ≤ �2.0) at diagnosis, as an important indicator for
fracture risk and further treatment-related BMD aggravation. Children with ALL (4–18 years), treated according to the Dutch Child-
hood Oncology Group protocol (DCOG-ALL9; model development; n= 249) and children from the Canadian Steroid-Associated Oste-
oporosis in the Pediatric Population cohort (STOPP; validation; n = 99) were included in this study. Multivariable logistic regression
analyses were used to develop the prediction model and to confirm the association of low LS BMD at diagnosis with symptomatic
fractures during and shortly after cessation of ALL treatment. The area under the receiver operating characteristic curve (AUC) was
used to assess model performance. The prediction model for low LS BMD at diagnosis using weight (β = �0.70) and age
(β = �0.10) at diagnosis revealed an AUC of 0.71 (95% CI, 0.63–0.78) in DCOG-ALL9 and 0.74 (95% CI, 0.63–0.84) in STOPP, and
resulted in correct identification of 71% of the patients with low LS BMD. We confirmed that low LS BMD at diagnosis is associated
with LS BMD at treatment cessation (OR 5.9; 95% CI, 3.2–10.9) and with symptomatic fractures (OR 1.7; 95% CI, 1.3–2.4) that occurred
between diagnosis and 12 months following treatment cessation. In meta-analysis, LS BMD at diagnosis (OR 1.6; 95% CI, 1.1–2.4) and
the 6-month cumulative glucocorticoid dose (OR 1.9; 95% CI, 1.1–3.2) were associated with fractures that occurred in the first year of
treatment. In summary, a prediction model for identifying pediatric ALL patients with low LS BMD at diagnosis, as an important
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indicator for bone fragility, was successfully developed and validated. This can facilitate identification of future bone fragility in indi-
vidual pediatric ALL patients. © 2021 American Society for Bone and Mineral Research (ASBMR).
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Introduction

Acute lymphoblastic leukemia (ALL) is themost prevalent pedi-
atric cancer across the globe. Advances in treatment strate-

gies and supportive care have resulted in a 5-year survival rate of
about 90% in developed countries.(1-3) With this, there is growing
attention to adverse health effects including bone fragility result-
ing in low-trauma fractures, which can occur at diagnosis, during
therapy, and also in the years after therapy cessation. Bone fragility
in ALL occurs due to increased osteoclast bone resorption resulting
from cytokines released by leukemic cells, as well as by treatment
factors (glucocorticoids and malnutrition) and related comorbid-
ities such as osteonecrosis and consequent immobilization.(4-12)

Children have a sixfold greater fracture risk during ALL treat-
ment compared to peers.(10) In the Dutch Childhood Oncology
Group protocol (DCOG-ALL9) cohort, symptomatic vertebral
and nonvertebral fractures were reported in 1.5% of children at
diagnosis and the cumulative incidence of symptomatic frac-
tures at 3 years was 18%.(5) The Canadian Steroid-Associated
Osteoporosis in the Pediatric Population (STOPP) Consortium
reported a vertebral fracture prevalence (including symptomatic
and asymptomatic vertebral fractures) of 16% at diagnosis.(7-9)

Over 6 years, the cumulative incidence went on to be 33% for
vertebral and 23% for nonvertebral fractures.(7)

TheskeletalstateatALLdiagnosisplaysanimportant role inthefur-
therdevelopmentofbone fragilityduringandshortly after therapy. In
bothof theaforementionedstudies, lower lumbarspinebonemineral
density (LS BMD) Z-scores and prevalent vertebral fractures at ALL
diagnosiswereassociatedwith future fractures (vertebralandnonver-
tebral).(5,7)However, routinelyperformingdual-energyX-rayabsorpti-
ometry (DXA) and spine radiographs in each newly diagnosed child
may be undesirable and/or universally unfeasible because of patient
burden, lack of DXA availability, or socioeconomic reasons.

Nevertheless, osteoporotic fractures are a concern, because
they lead to adverse health outcomes, including pain, loss of
height due to vertebral deformity, and (transient) disabil-
ity.(5,6,9,13) Early identification of patients at risk of fractures is
important to facilitate individual management during or follow-
ing therapy, because it may support clinical decision-making,
including whether it is reasonable to perform a DXA scan.

Therefore, the primary aim of this study was to develop and vali-
date a risk prediction model to identify children with low LS BMD
at diagnosis of ALL, as an important indicator of fracture risk and fur-
ther treatment-related BMD aggravation, during treatment and
12 months following treatment cessation. The secondary aim was
to confirm the relevance of LS BMD at diagnosis in the early identifi-
cation of children with treatment-related bone fragility.

Patients and Methods

Study population

DCOG-ALL9 cohort (model development)

Model development was based on an already-reported subsam-
ple of a prospective national longitudinal study on bone toxicity

in 751 children with ALL.(5) Children were treated according to
the DCOG-ALL9 protocol and enrolled in six centers across The
Netherlands between 1997 and 2004.(14) In that study, LS BMD
was measured by DXA at diagnosis, after 32 weeks, after 2 years
(at cessation of treatment), and 1 year after treatment cessation.
All types of symptomatic fractures that were suspected clinically
were subsequently confirmed on plain radiographs at each cen-
tre. The criteria for defining vertebral fractures were not prespe-
cified, but relied on the expert opinion of pediatric radiologists.
For the current study, children between 4 and 18 years of age
at diagnosis (due to normative data spanning this age range)
with at least one available LS BMD measurement at ALL diagno-
sis or at treatment cessation were eligible. However, only those
patients that had DXAs carried out on Hologic scanners were
included in the current study, with raw results and age- and
gender-matched Z-scores generated by the local site machine
according to the manufacturers’ reference data at each site. In
the absence of machine cross-calibration, we were unable to
pool results from different machines; therefore, DXAs performed
on Lunar scanners (24%) were not included in this analysis. Cal-
cium and vitamin D intake was advised based on the recom-
mended required daily dietary intake. Children receiving
bisphosphonates were excluded. Further exclusion criteria were
Down syndrome and congenital diseases affecting the locomo-
tor system.(5)

STOPP cohort (model validation)

The validation cohort consisted of a subsample of the STOPP
cohort, in which a total of 186 children with ALL were enrolled
through oncology clinics in 10 pediatric hospitals across
Canada from 2005 to 2007.(7-9) Children were treated according
to Children’s Oncology Group (nine sites) or the Dana-Farber
Cancer Institute (one site) protocols. In general, the duration of
treatment was 2.5 years for girls and 3.5 years for boys. Children
underwent LS BMD assessments within 30 days of chemother-
apy initiation, every 6 months for the first 4 years, and then
annually for 2 more years. Hologic and Lunar DXA scans were
analyzed centrally by a single DXA technologist. DXA machines
at different study sites were cross-calibrated using a spine phan-
tom that was circulated prestudy and annually. All LS BMD raw
values were converted to Hologic units prior to generation of
age- and gender-matched Z-scores.(7) Symptomatic nonverteb-
ral fractures were confirmed on radiographs by a certified expert
pediatric radiologist at each site. Symptomatic and asymptom-
atic vertebral fractures were identified on spine radiographs at
baseline and annually following a central, triple read process by
certified pediatric radiologists using the Genant semiquantita-
tive method.(7,9,15) Only symptomatic fractures were included in
this study, however, to align with the DCOG-ALL9 cohort’s
methods. Similar to the DCOG-ALL9 cohort, children participat-
ing were between 4 and 18 years of age with at least one avail-
able LS BMD at diagnosis and/or at treatment cessation.
Children were excluded if they had received bisphosphonates,
or if they had calcium and/or vitamin D supplementation that
exceeded the dietary reference intake for age.(9)
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Outcome definitions

Our previous studies showed that LS BMD Z-scores at diagnosis
predicted fractures during and shortly after treatment cessa-
tion.(5,7) Hence the primary outcome for the risk prediction
model was low LS BMD at diagnosis. LS BMD raw results were
expressed as age- and gender-matched Z-scores.(5,9) The model
was developed to predict LS BMD Z-scores ≤ �2 (referred to as
“low LS BMD”). Selection of candidate predictors for low LS
BMD Z-scores at diagnosis was based on our previous findings
and included sex, age, height, and weight Z-scores at diagnosis
of ALL.(5,7)

To confirm the importance of LS BMD at diagnosis (for predict-
ing treatment-related fractures and low LS BMD), we performed
multivariable analyses with “low LS BMD at therapy cessation”
and “one or more symptomatic fracture that occurred during
and within 12 months following treatment cessation” as end-
points. For the latter purpose, three separate fracture outcome
measures were performed: one for all symptomatic fractures,
one for symptomatic “major osteoporotic fractures,” and one
for “major osteoporotic fractures” including recurrent distal
extremity fractures (referred to as extended major osteoporotic
fractures). Major osteoporotic fractures were defined according
to the expert opinion of the co-authors and included vertebral,
humerus, femur, tibia, and fibula fractures.(16) Extended major
osteoporotic fractures included the aforementioned plus single
radius, single ulna, and two or more finger or toe fractures. The
degree of fracture trauma was not quantified in DCOG-ALL9;
therefore, for both cohorts all fractures, whether high-impact or
low-impact, were included.

The following prognostic variables based on associations in
previous studies were included: sex, age, weight, height, or body
mass index (BMI) Z-scores, LS BMD Z-scores at diagnosis, and glu-
cocorticoid doses.(4,5,7-9,17-20) Glucocorticoid doses were con-
verted to prednisone equivalents, and were based on the
intended doses for the DCOG-ALL9 cohort, and on actual doses
for the STOPP cohort (Table S1).

In addition, because of homogeneity in the intended gluco-
corticoid doses in the DCOG-ALL9 cohort, we performed multi-
variable pooled cohort analyses with DCOG-ALL9 and STOPP
combined in order to increase statistical power. Potential associ-
ations between the 6-month cumulative glucocorticoid dose
and fractures that occurred in the first year of therapy were
explored. Furthermore, we assessed potential associations
between the cumulative glucocorticoid dose at cessation of ther-
apy, and the endpoints “low LS BMD at therapy cessation” and
“fractures that occurred during and within 12 months following
treatment cessation.”

Statistics

Characteristics at baseline were summarized using mean and
standard deviation (SD) for normally distributed continuous
data, and count and percentage for categorical data. To compare
the difference between the development and validation cohorts,
two-sample t tests or χ2 tests were used.

Patients’ characteristics between those with and without
missing LS BMD values were compared using either the two sam-
ple t test, Mann-Whitney U, or χ2 test, as appropriate. Predictive
mean matching using the Multiple Imputation Chained
Equations (MICE) package was used to impute the missing
data.(21) Complete case analyses were performed to assess the
robustness of prediction models despite imputed data.

A logistic regression-based risk prediction model was devel-
oped by combining the as few accessible predictors as possible
and achieving as high predictive capacity as possible. Multicolli-
nearity of predictors was not taken into account because it does
not affect the overall fit of the model.(22) All candidate predictors
were entered simultaneously into a multivariable logistic regres-
sion model, using the stepwise backward elimination procedure.
Final estimates were pooled from the five imputed datasets
using MICE technique,(21,23) and were presented as beta-
coefficients (β) with standard errors (SEs) in log odds and odds
ratios (ORs) with confidence intervals (CIs). The results derived
from the Dutch DCOG-ALL9 cohort were externally validated
using data from the Canadian STOPP cohort.

To determine the discriminative ability of the model, receiver
operating characteristic (ROC) curve analysis was used to calcu-
late the area under the ROC curve (AUC) and 95% CI. The AUC
explains the model’s capability of distinguishing between chil-
dren with and without high risk of the outcome. The AUC value
lies between 0.5 and 1.0, where 0.5 = no discrimination, 0.5 to
0.7= poor discrimination, 0.7 to 0.8= acceptable discrimination,
0.8 to 0.9= excellent discrimination, and >0.9= outstanding dis-
crimination.(24) Hosmer-Lemeshow goodness-of-fit tests were
used to compare the predicted probability to the true probability
in the sample, a p value >0.05 means sufficient calibration of the
model.(24)

Results

Cohort characteristics

DCOG-ALL9 cohort (model development)

Of the 751 children treated according to the DCOG-ALL9 proto-
col, 275 were younger than 4 years at diagnosis, and 21 subjects
were excluded because of preexisting conditions interfering
with LS BMD. DXA scans at relevant time points were unavailable
for 128 children, and 78 childrenweremeasured on a Lunar scan-
ner, leaving 249 evaluable children available for the prediction
model development (Fig. 1).

Baseline characteristics (sex, age, BMI, and risk group) of chil-
dren included in the current study with complete data on LS
BMD at diagnosis (n = 219) were not different from those with
imputed LS BMD values (n = 30), without DXA examinations
(n = 128), and from those who were measured using a Lunar
scanner (n = 78) (p ≥ 0.1).

Children with complete (n = 179), and imputed (n = 70) LS
BMD values at treatment cessation did not differ with respect
to sex, age, BMI, and LS BMD Z-scores at baseline. However, chil-
dren with missing values were more often treated according to
the high-risk protocol (43% versus 23%, p < 0.01), an observation
which may reflect the greater numbers of nonresponders, and
adverse events, in high-risk patients. Characteristics of the chil-
dren from DCOG-ALL9 with complete LS BMD values are listed
in Table S2.

STOPP cohort (model validation)

Of the 186 children enrolled in the STOPP study, 87 were
excluded because of young age (<4 years), leaving 99 children
available for model validation.

Baseline characteristics of the two cohorts were comparable
with regard to sex, age, height, and LS BMD Z-scores, but
children in the DCOG-ALL9 cohort had lower weight and BMI
Z-scores (p < 0.01) compared to children in the STOPP cohort
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(Table 1). Forty-four symptomatic vertebral and nonvertebral
fractures (35 during treatment, nine within 12 months after
treatment) were recorded in the DCOG-ALL9 cohort, and
33 (30 during treatment, three within 12 months after treatment
cessation) in the STOPP cohort. LS BMD Z-scores ≤ �2 were
observed in 24.1% and 27.3% at diagnosis, and in 35.7% and
16.2% at cessation of treatment, in the DCOG-ALL9 and STOPP
cohorts, respectively. The pooled cumulative glucocorticoid

dose (in both cohorts combined) after 6 months of therapy was
2371 � 543 mg/m2 (mean � SD), and the cumulative dose was
8556 � 1953 mg/m2 at cessation of therapy.

Risk prediction model for low LS BMD at ALL diagnosis

Two predictors of low LS BMD Z-scores at ALL diagnosis were
identified and included in the model: lower weight Z-scores

Fig. 1. Flow diagram of study participants. DCOG-ALL9 = Dutch Childhood Oncology Group ALL9; DXA = dual-energy X-ray absorptiometry; LS
BMD = lumbar spine bone mineral density; STOPP = Steroid-Associated Osteoporosis in the Pediatric Population.

Table 1. Child Characteristics at ALL Diagnosis

Characteristic DCOG-ALL9 cohort (n = 249) STOPP cohort (n = 99) p*

Age (years), mean � SD (range) 7.6 � 3.5 (4.0 to 16.6) 8.4 � 3.7 (4.0 to 16.6) 0.07
Height, Z-score, mean � SD (range) 0.03 � 1.1 (�3.6 to 3.1) 0.23 � 1.23 (�3.23 to 3.15) 0.16
Weight, Z-score, mean � SD (range) �0.15 � 1.1 (�3.2 to 3.3) 0.36 � 1.16 (�2.82 to 3.18) <0.01
BMI, Z-score, mean � SD (range) �0.25 � 1.1 (�4.2 to 2.6) 0.44 � 1.36 (�4.55 to 3.59) <0.01
LS BMD, Z-score, mean � SD (range) �1.1 � 1.1 (�4.1 to 2.4) �1.13 � 1.41 (�5.17 to 2.76) 0.84
Sex, n (%) 0.64
Female 91 (36.5) 35 (45.5)
Male 158 (63.5) 54 (54.6)

LS BMD Z-score, n (%) 0.27
≤ �2.0 60 (24.1) 27 (27.3)
> �2.0 189 (75.9) 72 (72.7)

BMI= body mass index; DCOG-ALL9= Dutch Childhood Oncology Group ALL9; LS BMD = lumbar spine bone mineral density; STOPP = Steroid-Asso-
ciated Osteoporosis in the Pediatric Population.
*p values at two-sample t test and χ2 test.
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Table 2. PredictionModel for Low LS BMD at ALL Diagnosis; StepwiseMultivariable Logistic Regression Analysis; Backward Elimination of
Potential Predictors in DCOG-ALL9 Cohort and Validation on STOPP Cohort

Initial model (DCOG-ALL9) Final model (DCOG-ALL9)
Validation (STOPP)

Parameter β SE p β SE p AUC (95% CI) AUC (95% CI)

Low LS BMD at diagnosis 0.71 (0.63–0.78) 0.74 (0.63–0.84)
β0 �0.58 �0.61
Weight at diagnosis, Z-score �0.81 0.24 0.0007 �0.70 0.17 <0.0001
Age at diagnosis (years) �0.10 0.05 0.03 �0.10 0.05 0.03
Height at diagnosis, Z-score 0.13 0.21 0.55
Sex (boy versus girl) �0.04 0.33 0.89

β0, = intercept; β = regression coefficient; ALL = acute lymphoblastic leukemia; AUC = area under the receiver operating characteristic curve; DCOG-
ALL9=Dutch ChildhoodOncology Group ALL9; LS BMD= lumbar bonemineral density; SE= standard error; STOPP= Steroid-AssociatedOsteoporosis in
the Pediatric Population.

Fig. 2. Online risk calculator to estimate the risk of low LS BMD at diagnosis and at cessation of treatment for an individual child with ALL. Clinical appli-
cability (https://lsbmd-risk-calculator.azurewebsites.net/). The use of the models in clinical practice can be shown using the following fictitious case
description. A 10-year-old newly diagnosed child with ALL, with a weight Z-score at diagnosis of –0.8. The risk of having low LS BMD Z-scores at that time
point is 54.6% and the risk of having low LS BMD at the cessation of treatment is 52.8%.

Journal of Bone and Mineral Researchn 2294 VERWAAIJEN ET AL.

https://lsbmd-risk-calculator.azurewebsites.net/


(OR 2.0; 95% CI, 1.5–2.8) and lower age (OR 1.1; 95% CI, 1.0–1.2).
The prediction model revealed an AUC of 0.71 (95% CI, 0.63–
0.78), indicating that 71% of the children with low LS BMD Z-
scores at diagnosis can be correctly identified. This was success-
fully validated in the STOPP cohort, in which an AUC of 0.74 (95%
CI, 0.63–0.84) was observed (Table 2).

Similar findings were obtained when the analysis was
restricted to the complete cases only; including DCOG-ALL9
patients without imputed values of LS BMD (AUC 0.69; 95% CI,
0.61–0.77), confirming robust imputations. We subsequently
developed an online calculator for the probability of low LS
BMD at ALL diagnosis for an individual patient, which is available

Table 3. The Importance of Low LS BMD Z-scores at Diagnosis for Future Bone Fragility by Multivariable Logistic Regression Analysis in
DCOG-ALL9 Cohort and Validation on STOPP Cohort

Initial model
(DCOG-ALL9) Final model (DCOG-ALL9) Validation

(STOPP)

Parameter β SE p β SE OR (95% CI)
C-index
(95% CI) C-index (95% CI)

Low LS BMD at treatment cessation 0.78 (0.72–0.84) 0.74 (0.60–0.88)
β0 5.26 �3.25
Age at diagnosis, years 0.26 0.05 <0.0001 0.28 0.05 1.32 (1.2–1.5)
Weight at diagnosis, Z-score �0.99 0.24 <0.0001 �0.68 0.17 0.51 (0.4–0.7)
Total glucocorticoid doses, g/m2a �0.96 0.40 0.02
Height at diagnosis, Z-score 0.38 0.21 0.07
Sex (boy versus girl) 0.13 0.32 0.68

Low LS BMD at treatment cessation 0.93 (0.89–0.96) 0.88 (0.80–0.97)
β0 13.6 �7.65
LS BMD at diagnosis, Z-score �2.55 0.37 <0.0001 �1.83 0.34 0.16 (0.08–0.3)b

Age at diagnosis, years 0.59 0.09 <0.0001 0.51 0.08 1.67 (1.4–1.9)
Body mass index at diagnosis,
Z-score

�0.65 0.22 0.004 �0.44 0.23 0.64 (0.4–1.0)

Total glucocorticoid doses, g/m2 �2.51 0.65 0.0001
Sex (boy versus girl) �1.02 0.46 0.03

Symptomatic fractures 0.68 (0.59–0.78) 0.63 (0.51–0.74)
β0 �3.23 �1.93
LS BMD at diagnosis, Z-score �0.62 0.17 0.0004 �0.59 0.18 0.55 (0.4–0.8)c

Weight at diagnosis, Z-score 0.26 0.23 0.05 0.32 0.17 1.37 (1.0–1.9)
Sex (boy versus girl) �0.61 0.36 0.09
Height at diagnosis, Z-score 0.10 0.22 0.65
Age at diagnosis, years 0.02 0.05 0.63
Total glucocorticoid doses, g/m2 0.12 0.48 0.80

Major osteoporotic fracturesd 0.65 (0.51–0.78) 0.56 (0.42–0.71)
β0 �6.67 �3.16
LS BMD at diagnosis, Z-score �0.59 0.25 0.02 �0.45 0.22 0.64 (0.4–0.9)e

Weight at diagnosis, Z-score 0.40 0.33 0.22
Sex (boy versus girl) �0.58 0.51 0.26
Age at diagnosis, years 0.05 0.07 0.50
Total glucocorticoid doses, g/m2 0.37 0.72 0.61
Height at diagnosis, Z-score �0.14 0.31 0.66

Extended major osteoporotic
fracturesf

0.70 (0.61–0.80) 0.62 (0.46–0.72)

β0 �1.36 �0.25
LS BMD at diagnosis, Z-score �0.71 0.20 0.0003 �0.67 0.19 0.51 (0.4–0.7)g

Sex (boy versus girl) �0.76 0.39 0.06 �0.71 0.39 0.49 (0.2–1.1)
Weight at diagnosis, Z-score 0.38 0.25 0.13 0.34 0.19 1.4 (1.0–2.0)
Age at diagnosis, years 0.04 0.06 0.45
Total glucocorticoid doses, g/m2 �0.14 0.51 0.78
Height at diagnosis, Z-score �0.04 0.24 0.86

β0 = intercept; β = regression coefficient; ALL = acute lymphoblastic leukemia; AUC = area under the receiver operating characteristic curve;
CI = confidence interval; DCOG-ALL9 = Dutch Childhood Oncology Group ALL9; LS BMD = lumbar bone mineral density; OR = odds ratio;
SE = standard error, STOPP = Steroid-Associated Osteoporosis in the Pediatric Population.

aGlucocorticoid doses showed an inverse effect based on the risk group therapy and were therefore not included in the final model.
bCorresponds with lower LS BMD Z-scores at diagnosis increases odds for low LS BMD at therapy cessation (OR 6.2; 95% CI, 3.2–12.1).
cCorresponds with lower LS BMD Z-scores at diagnosis increases odds for symptomatic fractures (OR 1.8; 95% CI, 1.3–2.6).
dIncludes symptomatic vertebral, humerus, femur, tibia, and fibula fractures.
eCorresponds with lower LS BMD Z-scores at diagnosis increases odds for major osteoporotic fractures (OR 1.6; 95% CI, 1.1–2.4).
fIncludes symptomatic vertebral, humerus, femur, tibia, fibula, single radius, single ulna, and ≥2 finger/toe fractures.
gCorresponds with lower LS BMD Z-scores at diagnosis increases odds for extended major osteoporotic fractures (OR 2.0; 95% CI, 1.3–2.9).
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from the Princess M�axima Center for Pediatric Oncology (http://
lsbmd-risk-calculator.azurewebsites.net/) (Fig. 2). The probability
equation is presented in Table S3.

Confirmation of the association of baseline LS BMD
Z-scores with LS BMD at cessation of therapy and with
fractures that occurred between diagnosis and 12 months
following treatment cessation

Multivariable analyses showed that lower weight Z-scores (OR 2.0;
95%CI, 1.4–2.8) and higher age (OR 1.3; 95%CI, 1.2–1.5) at diagno-
sis, were associated with low LS BMD at cessation of treatment.
Adding “LS BMD Z-scores at diagnosis” (lower LS BMD Z-scores:
OR 6.2; 95% CI, 3.2–12.1) to the multivariable model in addition
to age (older age: OR 1.7; 95% CI, 1.4–1.9) and BMI Z-scores (lower
BMI Z-scores: OR 1.6; 95% CI, 1.0–2.5) at diagnosis enhanced the
diagnostic accuracy even further (Table 3).

The association of low LS BMD Z-scores at ALL diagnosis with
symptomatic fractures (OR 1.8; 95% CI, 1.3–2.6), the subsample of
major osteoporotic fractures (OR 1.6; 95% CI, 1.1–2.4), and the
extended major osteoporotic fractures (OR 2.0; 95% CI, 1.3–2.9)
that occurred during and within 12 months following treatment
cessation was also confirmed (Table 3). The results were success-
fully validated in the STOPP cohort and consistent findings were
generated when the analyses were restricted to the nested
cohort of cases with complete data of DCOG-ALL9.

Association of glucocorticoids with low LS BMD and
symptomatic fractures (in pooled data of DCOG-ALL9 and
STOPP)

Multivariable analyses showed that higher cumulative glucocor-
ticoid dose within the first 6 months of therapy (OR 1.9; 95% CI,
1.1–3.3, for every gram increase), and lower LS BMD Z-scores at
diagnosis (OR 1.6, 95% CI, 1.1–2.4) were associated with symp-
tomatic fractures (vertebral and nonvertebral) that occurred in
the first year of therapy.

Higher cumulative glucocorticoid dose at cessation of therapy
(OR 1.5; 95% CI, 1.2–2.0, for every gram increase), lower LS BMD
Z-scores at diagnosis (OR 7.9; 95% CI, 4.8–13.1), and higher age
at diagnosis (OR 1.6; 95% CI, 1.4–1.8) were associated with low
LS BMD at cessation of therapy, in the pooled dataset (Table 4).

Discussion

We developed and successfully validated a risk prediction model
for low LS BMD at diagnosis of ALL in children 4 to 18 years of
age. Although bone fragility is already present at ALL diagnosis,
routine performance of DXA scans in every child is not univer-
sally feasible. Our easy-to-use and cross-Atlantic validated pre-
diction method facilitates identifying children at risk for
treatment-related aggravation of bone fragility over the course

Table 4. Multivariable Logistic Regression Analyses in the Pooled Cohorts of DCOG-ALL9 and STOPP (n = 348)

Initial model Final model

Parameter β SE p β SE OR (95% CI) C-index (95% CI)

Symptomatic fractures occurred
in the first year of therapy

0.69 (0.58–0.80)

β0 �5.31 �4.96
LS BMD at diagnosis, Z-score �0.58 0.21 0.005 �0.48 0.19 0.62 (0.4–0.9)a

Six-month glucocorticoid dose, g/m2 0.69 0.28 0.01 0.65 0.28 1.9 (1.1–3.2)
Sex (boy versus girl) �0.61 0.47 0.19
Age at diagnosis, years 0.05 0.07 0.42
BMI at diagnosis, Z-score 0.09 0.19 0.63

Symptomatic fractures
occurred during therapy
or until 12 months after cessation

0.63 (0.55–0.70)

β0 �2.69 �1.72
LS BMD at diagnosis, Z-score �0.44 0.12 0.0002 �0.38 0.11 0.68 (0.5–0.9)b

BMI at diagnosis, Z-score 0.30 0.12 0.01 0.27 0.11 1.3 (1.1–1.6)
Age at diagnosis, years 0.05 0.04 0.21
Total glucocorticoid dose, g/m2 0.08 0.07 0.22
Sex (boy versus girl) �0.35 0.28 0.22

Low LS BMD at therapy cessation 0.92 (0.89–0.95)
β0 �12.9 �12.5
LS BMD at diagnosis, Z-score �2.08 0.26 <0.0001 �2.07 0.25 0.13 (0.1–0.2)c

Age at diagnosis, years 0.47 0.07 <0.0001 0.46 0.07 1.6 (1.4–1.8)
Total glucocorticoid dose, g/m2 0.56 0.19 0.003 0.53 0.18 1.5 (1.2–2.0)
BMI at diagnosis, Z-score �0.34 0.16 0.03
Sex (boy versus girl) �0.10 0.37 0.78

Bold values are significant.
β0 = intercept; β = regression coefficient; AUC= area under the receiver operating characteristic curve; CI = confidence interval; DCOG-ALL9= Dutch

Childhood Oncology Group ALL9; LS BMD= lumbar spine bone mineral density; OR= odds ratio; SE= standard error; STOPP= Steroid-Associated Oste-
oporosis in the Pediatric Population.

aCorresponds with lower LS BMD Z-scores at diagnosis increases odds for symptomatic fractures (OR 1.6; 95% CI, 1.1–2.4).
bCorresponds with lower LS BMD Z-scores at diagnosis increases odds for symptomatic fractures (OR 1.5; 95% CI, 1.2–1.8).
cCorresponds with lower LS BMD Z-scores at diagnosis increases odds for low LS BMD at therapy cessation (OR 7.9; 95% CI, 4.8–13.1).
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of disease, simply by using their weight Z-scores and age at
diagnosis. This model has an acceptable capability of 71% to
distinguish between children with and without low LS BMD
Z-scores.(24,25) This discriminative ability was in the same range
as prediction models for low BMD in adult survivors of childhood
cancer.(26)

Our results illustrate that lower weight Z-scores and younger
age at diagnosis were most predictive of low LS BMD at diagno-
sis. Lean children have low BMD more often in the general pedi-
atric population as well.(27) The increased risk of low LS BMDwith
young age might reflect the effect of ALL lineage (precursor B-
ALL versus T-ALL), because younger patients present more often
with precursor B-ALL, and it has been shown that patients with
precursor B-ALL have lower LS BMD at diagnosis compared to
those with T-ALL.(5) It has been suggested that this might be
explained by a different interaction between T-cell and
B-precursor lymphoblasts and osteoblast–osteoclast homeosta-
sis early in the course of ALL. Also, T-cell ALL shows a more rapid
development compared to B-precursor ALL and may therefore
have less time to adversely affect the bone.

We found a striking difference in the prevalence of low LS BMD
between the DCOG-ALL9 and STOPP cohorts at treatment cessa-
tion (36% versus 16%). This may be due to the longer time since
the last glucocorticoid treatment (0–1 month in DCOG-ALL9 ver-
sus 0.5–1.5 years in the STOPP cohort), which may have allowed
LS BMD recovery in some of the children in the STOPP cohort.
From previous studies it became apparent that BMD values
increase after glucocorticoid treatment discontinuation.(28,29)

Our results also showed that weight and age at diagnosis can
estimate the risk of low LS BMD at cessation of treatment with
78% certainty. This risk prediction can be enhanced to 92% by
performing DXA and adding the individual LS BMD Z-score to
the online calculator. This method facilitates an excellent estima-
tion of bone fragility during the course of therapy, which may
support clinical decision-making with regard to bone health
follow-up. Studies have shown that over time, other factors
including genetic susceptibility, glucocorticoid dosages, immo-
bility, and comorbidity (such as osteonecrosis) also become
important determinants of fracture risk and BMD decline during
treatment.(12,30,31) Previous findings by the STOPP Consortium
showed that average daily glucocorticoid dose predicts both
vertebral and long-bone fractures over 6 years following
diagnosis.(7)

In the DCOG-ALL9 cohort alone, we found no association
between intended glucocorticoid doses and fractures, which
appears to have resulted from insufficient power, given the find-
ings of a positive relationship when the Dutch and Canadian
cohorts were combined. We observed that lower intended glu-
cocorticoid doses were associated with lower LS BMD at therapy
cessation in the DCOG-ALL9 cohort. We propose the following
explanation for this somewhat surprising observation. First, we
note that the intended glucocorticoid dose in the high-risk pro-
tocol (8297 mg/m2) was lower than in the non-high-risk protocol
(9136 mg/m2), because such a lower glucocorticoid dose, albeit
only slightly lower, is a hallmark of the high-risk protocol. At
the same time, the high-risk protocol is characterized by more
intensive treatment overall (including higher doses of asparagi-
nase andmethotrexate), which in turn is typically associated with
treatment-related toxicity, includingmalnutrition, more frequent
hospitalizations, and longer periods of compromised mobil-
ity.(14) In addition, methotrexate has been linked to lower
BMD,(32,33) and the intended cumulative dose of methotrexate
was higher in the high-risk group (13650 versus 8100 mg/m2).

Furthermore, asparaginase increases dexamethasone plasma
levels and may thus potentiate the detrimental effects of gluco-
corticoids on BMD(34); once again, a higher cumulative dose of
asparaginase was administered in the high-risk group (114,000
versus 24,000 IU/m2). Taken together, we hypothesize that the
lower BMD in the high-risk group was not driven by lower
intended glucocorticoid doses per se, but by the more intensive
treatment regimen, which is anticipated to adversely affect BMD
development.

When our statistical power was increased by combining
DCOG-ALL9 and STOPP data, we confirmed that a higher cumu-
lative glucocorticoid dose was associated with low LS BMD at
cessation of therapy. More importantly, the cumulative glucocor-
ticoid dose in the first 6 months of therapy increased the odds of
a symptomatic (vertebral or nonvertebral) fracture in the first
year by 1.9.

Although low LS BMD is expected in children with lower
weight Z-scores at diagnosis, it is important to realize that the
development of obesity during therapy may increase the risk
of fractures. In the general population, children with obesity
carry a higher risk of extremity fractures compared to normal-
weight peers, although the mechanism behind this has not yet
been entirely elucidated.(27,35) Fracture risk in obese children
may be increased due to failure to accrue sufficient bonemineral
content and BMD relative to the mechanical needs of the skele-
ton, or due to weight-related clumsiness, postural instability, or
impaired gait (rendering these children prone to falls).(27) In chil-
dren with ALL, glucocorticoid-related obesity in combination
with immobilization, reduction in weight-bearing activities,
and/or vincristine-induced impaired neuromotor skills may raise
the risk of fractures.(36,37)

In this study we used LS BMD because this is the most consis-
tently acquired and frequently reported clinical DXA site in chil-
dren. LS BMD is feasible in children given the ease of
positioning for spine measurements compared to hip and total
body; it is also a logical clinical site in this context because the
spine is linked to the most extensively available reference
data,(38,39) and because vertebral fractures are far more common
than long-bone fractures in pediatric ALL, as described by the
Canadian STOPP consortium.(7)

A number of limitations of this study need to be mentioned.
First, a considerable number of children was excluded from the
two cohorts because of missing LS BMD values, and because of
the need to harmonizemethodologies between the two cohorts;
ie, lack of machine cross-calibration in DCOG-ALL9 led to inclu-
sion of only children measured on Hologic scanners, and only
children with symptomatic vertebral fractures were included in
the analyses (due to absence of routine spine imaging in the
DCOG-ALL9 cohort). In addition, the degree of trauma was not
systematically documented in the DCOG-ALL9 registry, which
might have influenced the results because low-trauma fractures
would be expected to have stronger associations with osteopo-
rotic fractures. The lack of asymptomatic fracture screening in
the DCOG-ALL9 may have also explained the lower number of
children with vertebral fractures observed in DCOG-ALL9 com-
paredwith the STOPP cohort. This methodological issue also pre-
vented the possibility of predicting vertebral fractures at
diagnosis, which would have been informative, because the
STOPP Consortium has previously shown that prevalent verte-
bral fractures at diagnosis were associated with future vertebral
and nonvertebral fractures.(7)

The consideration that both symptomatic and asymptomatic
vertebral fractures at diagnosis are strongly associated with
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incident low-trauma vertebral and nonvertebral fractures in the
6 years following ALL diagnosis underscores the importance of
understanding a child’s skeletal status at diagnosis. Peripubertal
children with vertebral fractures can be left with permanent ver-
tebral deformity,(7) and these have been linked to both height
reductions in children with ALL,(40) and reduced lung function
in postmenopausal women.(41) Recently, it was shown that
BMD and back pain history can be used in targeted case-finding
to identify children with the highest risk of having vertebral frac-
tures due to serious illnesses.(42) To this end, our easy-to-use
BMD prediction model provides some insight into the baseline
prevalent and future skeletal status of the child with ALL, and
can be used to decide whether a child should undergo a DXA
examination.

Ultimately, the clinical goal is to determine which children
should be targeted for osteoporosis prevention or intervention.
We expanded this knowledge by delineating the predictors of
low BMD at diagnosis in a validated, binational model, and have
also shown the importance of BMD on the pathway to bone fra-
gility, which occurs most often in the first 2 years of leukemia
therapy. Our study therefore provides critical information about
best candidates for any future studies tackling the optimal treat-
ment and prevention of low BMD and subsequent fragility frac-
tures in this context.

In summary, we developed and validated an easy-to-use pre-
diction model for low LS BMD in newly diagnosed pediatric ALL
patients, aged 4 to 18 years, an important indicator of future
treatment-related fracture risk. This model can support clinicians
in identifying children with ALL with a high risk of bone fragility
during and following therapy.
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