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Abstract

Summary Low bone mineral density (BMD) was diagnosed in 24% of childhood cancer survivors (CCS), whereas very low
BMD was relatively uncommon at 8%. We suggest that low BMD in CCS may become alleviated over time. Stem cell
transplantation, radiotherapy, and underweight were the strongest independent predictors of decreased BMD.

Purpose Childhood cancer survivors (CCS) are at risk of premature bone loss, although published studies are inconsistent. The
objective of this study was to evaluate the prevalence and pattern of low bone mineral density (BMD) in short- and long-term
CCS, and to determine clinical factors affecting skeleton after anticancer treatment.

Methods This retrospective study was conducted in a cohort of 326 children and young adult CCS (147 females) who completed
anticancer treatment. BMD was determined by dual-energy X-ray absorptiometry (DXA). Low BMD was defined as a Z-score <
— 1.0, and the very low BMD as a Z-score <—2.0. Additionally, the changes in BMD over time were studied in 123 CCS who had
been re-examined by DXA during follow-up.

Results Median age at diagnosis was 7.27 years (range, 4.4-10.6); median time between end of treatment and DXA was 6.12
(range, 4.0-22.0). Low BMD was found in 24% of CCS, while very low BMD was relatively uncommon (8%). Based on
multivariate analysis, the following were significantly associated with low BMD at the follow-up: hematopoietic stem cell
transplantation (OR 3.13, 95% CI 1.02-9.63), head and neck radiotherapy (OR 2.54, 95% CI 1.32-4.90), and body weight
below the standard reference (OR 3.57, 95% CI 1.24-10.23). The time-related trajectory showed an improvement (BMDy g) or
stabilization (BMDrg) in Z-scores values.

Conclusion These data based on serial DXA measurements, encompassing a long-lasting observation period, show that CCS may
not be at risk of premature bone loss in young adulthood. However, it is unknown how the scenario for skeletal mass is until the
CCS will achieve older or postmenopausal age.
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Introduction

During the past five decades, changes in the diagnostic ap-
proach resulting from the implementation of advanced diag-
nostic methods, increasingly better standards in healthcare
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of survivors suffered from at least one chronic condition, and
nearly 30% developed severe or life-threatening sequelae.
Most late effects appeared with age, often decades after the
end of therapy [1].

Metabolic disturbances are among the most frequently re-
ported complications in CCS, resulting mainly from the treat-
ment used, and may trigger off individual negative health
effects and may also confer essential public health issues.
The most common abnormalities include hypothalamic/
pituitary dysfunction, thyroid disorders, obesity and metabolic
syndrome, infertility, and bone mineral deficits or premature
bone loss. In the present study, we have focused on bone
status in CCS [2].

In healthy people, the peak bone mass (PBM) acquisition is
gained during puberty and early adulthood, and several con-
founding factors may lead to suboptimal bone mass and de-
creased quality. Alterations in bone metabolism related to an-
ticancer treatment may interfere with bone mass accrual and
achieving peak bone mass, which is normally reached be-
tween the ages of 20 and 30 years. This, in turn, is crucial
for maintaining bone health in adulthood and, at least partly,
preventing fragility fractures in old age [3].

Cancer itself and its treatment can produce latent or subclin-
ical changes in the bone tissue that may become clinically sig-
nificant with age and lead to osteoporosis and severe fragility
fractures. Of all the anticancer drugs administered, according to
some but not all studies, the best-established deteriorating effect
on bone mineral density (BMD) is triggered by glucocorticoids
(GCS) and methotrexate (MTX). Furthermore, alkylating
agents may cause bone loss or inadequate skeletal accrual, but
in most cases, it is secondary to gonadal impairment, whereas
the risk is associated with cumulative dose [4]. Apart from
chemotherapy, irradiation of central nervous system (CNS) is
the best-proven factor disturbing the normal development of the
skeleton during growth. Radiation therapy (RT) to the neuro-
endocrine axis is a frequent and well-established causal path-
way of growth hormone (GH) deficiency. Patients who had
received RT to the brain with a dose above 18 Gy were reported
particularly vulnerable ones. The pituitary gland itself appears
to be damaged (overt gonadotrophin deficiency) if a cranial
dose above 40 Gy has been given used. Survivors who
underwent hematopoietic blood stem cell transplantation
(HSCT) are at a particular higher risk of low bone mass as a
result of more aggressive treatment (high-dose alkylating
agents, mega chemotherapy, and total body irradiation). It is
estimated that a decrease in BMD of about one-tenth signifi-
cantly exacerbates fracture risk in patients after HSCT [5].

There is a limited number of published studies conducted
on large cohorts of long-term CSS. One of the reports showed
that as many as 45% of adult survivors had low bone mass [6].
However, available data are inconsistent and limited by small
sample size, short observation period, or not taking into anal-
ysis potential confounding factors. Moreover, changes in

@ Springer

BMD during the treatment have already been well understood,
but still little is known about age-related long-term variations
in bone mass following childhood cancer, i.e., BMD trends
over time after treatment completion.

The aim of the study was to evaluate the prevalence and
pattern of low and very low BMD in short-term and long-term
CCS, and to determine specific clinical factors affecting skel-
eton in children and young adults after anti-cancer treatment.

Material and methods
Study population

This study was conducted in a cohort of 326 Caucasian chil-
dren and young adult CCS. We retrospectively reviewed the
records of childhood cancer survivors who had been consec-
utively diagnosed between 1987 and 2015 in the Department
of Pediatric Oncology and Hematology of the Medical
University of Bialystok, Poland. All children were treated ac-
cording to international protocols approved by the Polish
Pediatric Leukemia/Lymphoma Group and Solid Tumor
Group. Throughout the 30-year-long period of data collection,
the study protocols were consistent with ethical guidelines.
Informed consent was obtained from patients or their
parents/guardians who had not reached adulthood. The study
was approved by the Ethical Committee of the Medical
University of Bialystok in accordance with the Declaration
of Helsinki. Participants who met the following criteria were
included in the study: (1) diagnosed with cancer under 18
years of age, (2) availability of complete DXA scan performed
after cessation of treatment, and (3) had no history of condi-
tions which may have affected bone mineral density and con-
tent (i.e., apparent endocrine or renal disorders). Brain tumor
and bone tumor survivors, and patients with relapse were ex-
cluded from the analysis. The characteristics of the study pop-
ulation are shown in Table 1.

For all subjects, comprehensive clinical history including
demographic information, comorbidities, smoking behavior,
and data associated with previous anticancer treatment, such
as cumulative dose of chemotherapeutic drugs and GCS, ra-
diotherapy, and hematopoietic stem cell transplantation, were
derived from medical records. The total cumulative GCS dos-
age (prednisone and/or dexamethasone) was calculated with
equivalent prednisone dosage [7]. All patients underwent a
physical examination. Anthropometric traits were collected
using standard procedures and were rigorously recorded: body
weight was measured on an electronic scale (Seca, Germany)
and height was measured using Martin anthropometer. Body
mass index (BMI) was calculated using the formula: weight
[kg] / height® [m?]. Due to the fact that many changes in
cancer treatment protocols have been implemented within
the last three decades, we have not analyzed the amendments,
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Table 1 Descriptive characteristics of study group

Number (%)a Mean + SDb Median (IQR)c
Patients 326 (100)
Male 179 (54.9)
Female 147 (55.1)
Age at diagnosis (years) 326 (100) 7.59+4.11 7.27 (4.41-10.06)
Age at study (years) 326 (100) 15.89 +4.39 16.00 (12.92-19.00)
Follow-up after treatment (years) 326 (100) 6.59 +3.76 6.12 (4.02-22.00)
> 5 years after treatment cessation (short-term) 222 (68) 8.46 +2.99 7.56 (6.05-10.37)
< 5 years after treatment cessation (long-term) 104 (32) 2.62+142 2.54 (1.43-3.96)
Two DXA scan after treatment cessation 123 (37.7) 5.544
BMI at DXA scans (Z-score) 326 (100) 0.625 £2.14 0.230 (— 0.645-1.460)
Smoking 20 (6.1)
Diagnosis
Leukemia 153 (46.9)
Acute lymphoblastic leukemia (ALL) 138 (42.3)
Acute myeloblastic leukemia (AML) 12 (3.7)
Chronic myeloblastic leukemia (CML) 3(0.9)
Lymphoma 76 (23.3)
Hodgkin lymphoma 48 (14.7)
Non-Hodgkin lymphoma 28 (8.6)
Solid tumor 97 (29.7)
Wilms tumor 39 (12.0)
Soft tissue sarcoma 19 (5.8)
Neuroblastoma 13 (4.0)
Germ cell tumor 13 (4.0)
Langerhans cell histiocytosis 72.1)
Hepatoblastoma 3(0.9)
Melanoma 2 (0.6)
Retinoblastoma 1(0.3)
Stem cell transplantation 23 (7)
Chemotherapy
Methotrexate (cumulative dose in g/mz) 166 (50.9) 3.057 £ 1.89 2 (1-5)
Cumulative corticosteroid dose (mg/mz)d 232 (71.2) 3126 +2000 2081 (1600-3081)
Radiotherapy 163 (50)
Head and neck radiotherapy (cumulative dose in Gy) 83 (25.5) 172 +£841 18 (12-18)
Total body irradiation (TBI) 13 (4.0) n/a
Abdominal radiotherapy 54 (16.7) n/a
No 163 (50)

BMI body mass index, DXA densitometry, Gy the Gray, n/a not available

 Percent of the total

®Standard deviation (SD)

¢ Median and interquartile range (IQR)
4 Calculated as prednisone equivalents

A Mean age difference between first and second DXA scan

but only individual variables (specified in tables) which may
have disturbed bone mineral density.

For statistical purposes, where separate analysis of partic-
ular types of tumors was not possible, the group of participants

was stratified into subsets according to their diagnosis (leuke-
mia vs. lymphoma vs. solid tumor). The time period after the
end of treatment—short-term and long-term CCS (< 5 vs. > 5
years) and the calendar age during the study (< 18 vs. > 18
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years) were evaluated. In addition, the changes in BMD
(ABMD) over time were studied in 123 childhood cancer
survivors who had received DXA scan at least twice during
follow-up.

Bone mineral density assessment

Bone mineral density (BMD) was evaluated by dual-energy
X-ray absorptiometry (DXA) (DPX-L, GE-Healthcare Lunar,
Madison, WI). The crude values of bone mineral density in the
total body (BMD+p, g/cm?) and anteroposterior lumbar spine
L1-L4 (BMDys, g/cm?) were compared to age- and sex-
matched reference, i.e., adjusted for normative data provided
by the manufacturer. All parameters were expressed as Z-
scores reflecting the number of standard deviations that an
individual BMD value differs from the mean BMD of a
healthy reference population matched by age and gender.
The estimated reproducibility error in vivo (coefficient of var-
iation) was 2.9%, based on a duplicate lumbar spine DXA
examinations performed in pediatric subjects. DXA scans
were performed mainly after treatment, as part of a cross-
sectional study within several research projects, as well as a
standard procedure in case of justified and suspected skeletal
complications, bone pain or mineral disorders. In accordance
with the official position of the International Society for
Clinical Densitometry (ISCD), the Z-scores were used for
further analyses and stratification. For the longitudinal assess-
ment and comparisons, both the alterations in Z-scores and
changes in crude BMD values—incorporating least signifi-
cant change—were investigated. Due to the fact that just few
patients met the strict criteria of low BMD proposed by ISCD,
and trustworthy analysis would not be possible, we decided to
use a different cutoff point in order to show moderate BMD
deficits, in line with prior studies [8—11]. Thus, low BMD was
defined as a Z-score < — 1.0, and the very low BMD as a Z-
score <—2.0. The rationale for this approach is that those with
lower BMD are presumably to remain in the lower normal
range [11], leading to a lower peak bone mass [12], and pos-
sibly predisposing to an increased risk of fracture later in life
[8]. Every subject had both the BMDg and BMD; g measure-
ments done. If two post-treatment DXA scans were available,
the most recent one was included into analysis of the total
group (a longer period elapsed from the end of therapy). In
order to avoid the confounding effect of height on areal BMD,
we decided to adjust BMD+yg and BMD g for body height Z-
scores.

Statistical analysis
Statistical analysis was performed using Stata/IC 12.1 version
(StatCorp, College Station, Texas, USA). All continuous var-

iables were tested for normal distribution using the Shapiro-
Wilk test. The data were expressed as means + standard

@ Springer

deviation (SD), or median and quartiles when appropriate. In
the univariate analysis, Fisher exact test and x2 test were used,
whereas continuous variables were compared with the
Wilcoxon rank-sum test or Student # test. Univariate and mul-
tivariate logistic regression models were used to examine the
association between dependent variables (BMDrp and
BMDy 5) and independent variables postulated as having a
potentially negative impact on bone density. The number of
variables was adapted to the size of the group. Confounding
factors associated with an increased risk of low bone mineral
density in the univariate analyses at p < 0.2 were included in
multivariable analyses. The strength of the association be-
tween the independent variable and BMD was reported using
the odds ratio (OR) and 95% confidence interval (CI). OR it is
clinically significant when 95% confidence interval does not
include one. The models describing BMD included adjust-
ment for age and body height. The analysis of variance and
post hoc test (Tukey’s test) were used to compare bone min-
eral density according to diagnosis. A Wilcoxon signed-rank
test and Lowess regression algorithm were used to assess the
mean differences in BMD Z-score between the DXA scans in
the same participants after the end of treatment. The level of
statistical significance was set to 0.05.

Results
Characteristics of the study population

Among 773 childhood cancer survivors who visited oncology
outpatient’s clinic between 1990 and 2016 for late effects, 326
have performed DXA scan at least one time after the end of
treatment. The participants were 54.9% female and all white
ethnicity. The median age at diagnosis was 7.27 years for a
total group (range, 3 months—17.9 years) and did not differ
according to sex. The median age at the DXA scan and the
follow-up time from the end of treatment to the study was 16
years (range, 3—27 years) and 6.12 years (range, 3 months—22
years), respectively. Of the 326 patients, 222 (68%) had DXA
scan performed at least 5 years after the cessation of treatment
(range, 5-22 years) and 104 (32%) up to 5 years after treat-
ment (range, 3 months—4.98 years). The characteristics of the
study group are shown in Table 1.

Frequency of low and very low BMD

Low bone mineral density (Z-score < — 1) of total body and
lumbar spine was found in 24% and 20% of study participants.
The overall prevalence with a BMD Z-score < — 2 was 8%,
and the prevalence with a BMDyg and BMD) g Z-score be-
tween < — 1 and > — 2 was 15% and 12%, respectively.
Therefore, 76% and 80% of patients had normal BMDrg
and BMD;g (Z-score > — 1). Among the neuroblastoma
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patients, low BMDy g was found in 46%, but the size of the
subgroup was relatively small. Eight out of thirteen NBL pa-
tients had abdominal radiotherapy and two of them had a
decreased BMD. The high occurrence of low BMD in soft
tissue sarcoma (STS) and Langerhans cell histiocytosis
(LHC) were also found in patients (31% vs. 71%, respective-
ly). There were no differences in the mean Z-score BMD
value and the number of patients with low BMD in the anal-
ysis conducted between the groups of diagnoses (leukemia vs.
lymphoma vs. solid tumor) and according to gender.

Factors associated with low BMD

Univariate analysis showed that low BMD) g was significantly
associated with the use of radiotherapy to the head and neck in
childhood (OR 1.95; 95% CI 0.08-0.65). Radiation doses >
24 Gy were associated with the occurrence of low BMDrp
(OR 5.18; 95% CI 1.12-23.29). The underweight patients had
three times increased odds of low BMDrg (OR 3.16; 95% CI
1.17-8.55) and low BMD;g (OR 3.16; 95% CI 1.17-8.55)
than the patients who had normal body mass index. Other risk
factors previously described as having a potential negative
impact on bones were not related to low BMD (Table 2).
The multiple regression models confirmed the negative influ-
ence of radiotherapy to the head and neck on BMDy g and
association between low BMD and underweight subjects as
in univariate analysis. The stem cell transplantation procedure
was an independent variable significantly affecting the occur-
rence of low BMD+g (OR 3.13; 95% CI 1.02-9.63). Other
potential confounding variables included in the models were
not significantly associated with bone deficits (Table 3).

Changes in BMD over time

Among 326 CCS, we identified 123 patients who had at least
two DXA scan during follow-up visits. The mean time be-
tween the second (DXA,) and first (DXA;) densitometry
was 5.54 years (mean age, 17.11 +3.67 vs. 11.57 +4.03 years,
respectively). There were no significant differences in
BMDg and BMD; g Z-scores between DXA; and DXA, (—
0.176 vs. — 0.262, p = 0.293 and — 0.277 vs. — 0.180, p =
0.842), respectively. We did not notice BMD Z-scores wors-
ened over the time period between the first and subsequent
visit (the number of patients with decreased BMD+g Z-score <
—2 was 18 vs. 6, and that with Z-score < — 1 and >— 2 was 23
vs. 19; with decreased BMD; g Z-score < — 2 was 9 vs. 6 and
Z-score < — 1 but > — 2 was 28 vs. 14 patients). None of the
study participants was treated for osteoporosis between se-
quential DXA measurements. The BMDrg and BMD, g did
not differ significantly between leukemia, Hodgkin lympho-
ma, or solid tumor groups, and were not different in either of
genders. The analysis of changes in BMD showed an im-
provement (BMDyg) or alleviation and stabilization

(BMDrp) in Z-score values over time. The relationship be-
tween age at DXA, and ABMDg and ABMD; g Z-scores is
shown in the scatter plots with Lowess curves in Fig. la and b.

Bone status in pediatric CCS (< 18 years)

Of all study participants, there were 196 (60%) children in
total. The median age at DXA scan was 13.16 (range, 3—
17.9 years), while the median time after the end of treatment
was 6.05 years (range, 0.03—15.7 years). Low BMDtg was
independently associated with the following: radiotherapy
used with doses above 24 Gy in comparison with those who
received lower doses (OR 10.76; 95% CI 0.196-0.702), time
from treatment completion (OR 0.89; 95% CI 0.803-0.994),
and BMI Z-score (OR 0.49; 95% CI 0.370-0.664). The mul-
tivariable logistic regression model taking into account more
than one independent variable showed a significant negative
effect of radiotherapy to the head and neck area (OR 10.76;
95% CI 0.196-0.702) and increased odds of bone deficits in
survivors with lower BMI Z-score. Bone density did not differ
significantly depending on the stage in the Tanner scale.

Bone status in adult CCS (> 18 years)

Separate analyses (univariate and multivariate) in a subset of
130 (40%) participants who had reached adulthood had been
conducted. The median age at a follow-up visit and time after
completion treatment were 20 years (range, 1827 years) and
6.4 years (range, 0.3-22 years) respectively. In univariate re-
gression model, age at diagnosis (OR 0.89; 95% CI 0.819—
0.973), age at the end of treatment (OR 0.89; 95% CI 0.815—
0.977), and age at study (OR 0.68;95% CI1 0.510-0.911) were
significantly associated with the occurrence of low BMDrg.
The multivariate models have only shown a significant asso-
ciation between age at study and low BMDrg (OR 0.59; 95%
CI 0.387-0.898). Low BMDy g in the univariable model was
associated with age at study (OR 0.4; 95% CI 0.296-0.771),
whereas in multivariable analysis younger age at study and
use of radiotherapy to the head and neck in childhood in-
creased the odds of developing low BMD; 5. When we plotted
the change in BMD (ABMD) by age at second DXA (Lowess
curves), it turned out that the peak bone mass (PBM) for both,
BMDtg and BMD g, has been reached between 26 and 27
years of age (Fig. 1a and b).

Short-term and long-term CCS

The age limit between short-term and long-term survivors was
set at 5 years from the end of treatment. Thus, the two groups
were separated (up to 5 and above 5 years) in order to analyze
the bone mineral density depending on the time of treatment
completion (Table 4). Univariate analysis in short-term CCS
showed significant association between BMDtp and
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Table 2 Univariate logistic regression analysis of various factors associated with low bone mass (BMD Z-score < — 1)

Covariate BMDTB BMDLS

Z-score < — 1 Z-score < — 1

OR (95% Cl)a p OR (95% CDa p
Sex
Male (n = 179) vs. female (n = 147) 0.98 (0.58-1.62) 0.904 1.49 (0.86-2.59) 0.149
Age at diagnosis
Increase per 1 year 0.95 (0.91-1.01) 0.111 0.96 (0.91-1.01) 0.192
Age at DXA scan
Increase per 1 year 0.95 (0.89 —1.01) 0.081 0.96 (0.90-1.02) 0.217
Time from the end of treatment
Increase per 1 year 0.97 (0.91-1.04) 0.484 0.99 (0.92-1.07) 0.906
0-5 vs. > 5 years after treatment 0.67 (0.39-1.14) 0.141 0.81 (0.45-1.43) 0.463
BMI at DXA scan
Normal (n = 246) vs. overweight and obesity (n = 63) 0.17 (0.06-0.49)* 0.001 0.22 (0.08-0.65)* 0.006
Underweight (n = 17) vs. normal (n = 246) 3.16 (1.17-8.55)* 0.023 3.28 (1.2-8.92)* 0.020
Radiotherapy
Yes vs. no 1.1 (0.63-1.91) 0.735 1.35(0.77-2.39) 0.293
<24 Gy vs. > 24 Gy 5.18 (1.12-23.9)* 0.035 1.59 (0.35-7.27) 0.550
Head and neck 1.36 (0.77-2.40) 0.293 1.95 (1.08-3.52) 0.026
yes (n = 165) vs. no (n = 161)
Total body irradiation 2.38 (0.73-7.72) 0.149 2.1 (0.61-7.20) 0.238
yes (n=12) vs.no (n =314)
Abdominal radiotherapy 0.71 (0.33-1.48) 0.361 0.68 (0.30-1.53) 0.354
yes (n = 54) vs. no (n = 272)
Methotrexate 1.29 (0.77-2.17) 0.323 1.16 (0.64-1.93) 0.645
yes (n = 165) vs. no (n = 161)
Glucocorticoid 0.87 (0.50-1.52) 0.633 0.89 (0.49-1.61) 0.705
yes (n = 230) vs. no (n = 96)
Hematopoietic stem cell transplantation 1.79 (0.73-4.40) 0.203 1.13 (0.41-3.19) 0.804
yes (n =23) vs. (n =303)
Current smoker 0.95 (0.87-1.22) 0.498 0.91 (0.77-1.12) 0.357

Yes (n=13) vs.no (n=313)

BMI body mass index, DXA dual energy X-ray absorptiometry

*p < 0.05
#0dds ratio (95% confidence interval)

methotrexate used (OR 3.1; 95% CI 1.27-7.56), age at
diagnosis (OR 0.84; 95% CI 0.77-0.92), age at DXA ex-
am (OR 0.84; 95% CI 0.39-0.82), BMI Z-score (OR 0.18;
95% CI 0.04-0.82), Tanner stage (OR 0.69; 95% CI
0.54-0.88), and between BMD; g and weight Z-score
(OR 0.73; 95% CI 0.54-0.99). In long-term survivors’
independent variables predicting low bone mass were:
for BMDg were hematopoietic stem cell transplantation
with total body irradiation (OR 10.2; 95% CI 1.91-54.3),
BMI Z-score (OR 6.0; 95% CI 1.67-21.7); for BMDy g
HSCT with TBI (OR 6.3; 95% CI 1.36-29.5), BMI Z-
score (OR 0.1; 95% CI 0.01-0.67). There was also a sig-
nificant difference in the values of BMDrg Z-scores be-
tween two groups (< 5 years vs. > 5 years: mean — 0.44 +
2.06 vs. — 0.14 £ 1.94, p = 0.043).
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Discussion

In this retrospective cohort study conducted on 326 childhood
cancer survivors, we found that 24% of subjects had low bone
mineral density defined as Z-score < — 1, whereas 8% of them
had very low BMD (Z-score < — 2). The strongest factors
associated with the occurrence of low BMD were body weight
below the standard reference at the follow-up visit, radiation
to the head and neck region (> 24 Gy), and total body irradi-
ation. Our results are consistent with some, but not all, previ-
ous reports, and provide further evidence that treatment-
related factors affect BMD in CCS to some extent [8, 13—16].

Depending on the authors, the frequency of low bone mass
ranged from 5 to 25% in long-term CCS, which has been now
confirmed by our research. However, recently published
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Table 3  Multivariate analyses for low bone mineral density (Z-score < — 1) in childhood cancer survivors
Independent variable OR 95% confidence interval P

BMDTB Age at diagnosis (increase per 1 year) 0.97 0.91-1.04 0.439
Age at DXA scan (increase per 1 year) 0.95 0.87-1.03 0.215
BMI at DXA scan (underweight n = 17 vs. normal n = 246) 3.16% 1.1-9.07 0.032
Radiotherapy to the head and neck (yes n = 165 vs. no n = 161) 1.74 0.92-3.32 0.089
Stem cell transplantation (yes n = 23 vs. n = 303) 3.13* 1.02-9.63 0.046

BMDLS Sex (male n = 179 vs. female n = 147) 1.84 1.00-3.41 0.050
Age at diagnosis (increase per one year) 0.94 0.88-1.01 0.175
BMI at DXA scan (underweight n = 17 vs. normal n = 246) 3.57* 1.24-10.23 0.004
Radiotherapy to the head and neck (yes n = 165 vs. no n = 161) 2.54% 1.32-4.90 0.016

BMI body mass index, DXA dual energy X-ray absorptiometry, OR odds ratio

*p< 0.05

studies with one of the longest observation periods since the
discontinuation of treatment (17 years) identified low BMD in
45% of adult CCS [6]. The discrepancy may be due to a
shorter observation period in most studies, and indicates that
bone deficits may occur in later decades of life.

A number of research on CCS is mainly focused on survi-
vors of acute leukemia and lymphoma, while data from stud-
ies addressing other types of cancer are very limited [11,
17-20]. In our work, we extended the data by describing the
prevalence of low BMD in some less frequent types of cancer.
Interestingly, the high occurrence of low BMD in neuroblas-
toma, soft tissue sarcoma, and Langerhans cell histiocytosis
were found in patients; however, these groups were underrep-
resented for meaningful analysis. High doses and multimodal
therapy in NBL, the use of alkaloid agents (including those
causing proximal tubular acidosis, e.g., ifosfamide) and radio-
therapy in STS, as well as direct bone involvement and chron-
ic inflammation in LCH can altogether lead to bone loss or
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Fig. 1 Scatter plots with Lowess curves for BMDTB and BMDLS Z-
scores between the second and the initial DXA examination in a subset of
123 CCS stratified by age at second DXA scan. Both curves show

inadequate skeletal accrual in CCS. Hence, further studies on
larger patient cohorts are necessary.

Among all factors, central nervous system irradiation is the
best-proven factor disturbing the normal development of the
skeleton in children and young adult survivors [21]. Despite
the fact that patients treated for brain tumors were excluded
from our analysis, head and neck radiotherapy used in other
types of cancers was also found to significantly increase the
occurrence of low BMD. The vast majority of those patients
were treated for acute lymphoblastic leukemia or non-
Hodgkin lymphoma, and they had pre-empty cranial radia-
tion. A dose greater than 24 Gy in our study was an indepen-
dent factor associated with low BMD, supporting evidence
published elsewhere [22, 23].

There is little data in the literature on bone density in pa-
tients undergoing hematopoietic stem cell transplantation [24,
25]. They tend to have more serious skeletal and mineral com-
plications due to a more aggressive treatment, and presumably

(<)

Change in BMD Lumbar Spine Z-score

10 15 20 25 30

Age at second DXA scan [years]
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Fitted values
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associations between age at the second DXA scan and Z-scores for both
ABMDTB (a) and ABMDLS (b)
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Table 4  Univariate and multivariate analyses for low bone mineral density (Z-score < — 1) in short-term and long-term childhood cancer survivors

Follow-up time Independent variable BMDTB BMDLS
Univariable Multivariable Univariable Multivariable
OR (95%CI) OR (95%CI) OR (95%CTI) OR (95%CTI)

< 5 years after treatment Age at diagnosis (increase per 1~ 0.84 (0.77-0.92) * 0.9 (0.73-1.13) 0.92 (0.85-1.01) 0.91 (.72-1.15)

completion (104 patients) year)

Age at DXA scan (increase per
one year)

BMI at DXA scan (underweight
vs. normal vs. overweight)

Tanner stage (increase per one
stage)

Methotrexate (yes vs. no)

Weight Z-score (increase per
one)

Radiotherapy to the head and
neck (yes vs. no)

HSCT with total body irradiation
(yes vs. no)

BMI at DXA scan (underweight
vs. normal vs. overweight)

Methotrexate (yes vs. no)

> 5 years after treatment
completion (222 patients)

0.84 (0.39-0.82) *
0.18 (0.04-0.82) *
0.69 (0.54-0.88) *

3.1 (1.27-7.56) *
n/a#

n/a#
10.2 (1.91-54.3) *
6.0 (1.67-21.7) *

2.1 (0.75-5.58)

0.83 (0.72-1.13)
0.13 (0.24-0.69) *
1.34 (0.72-2.52)

2.6 (0.89-7.45)

18.3 (2.5-133) *
0.1 (0.02-0.58) *

0.9 (0.47-1.83)

0.94 (0.85-1.03)
n/a#
n/a#

2.03 (0.79-5.26)
0.73 (0.54-0.99) *

1.96 (0.73-5.21)
6.3 (1.36-29.5) *
0.1 (0.01-0.67) *

n/a#

1.04 (0.81-1.33)

1.35(0.42-4.33)
0.73 (0.53-0.98) *

1.54 (0.04-2.28)
10.6 (1.7-66.8) *

0.1 (0.1-0.57) *

BMIbody mass index, DXA dual energy X-ray absorptiometry, HSCT hematopoietic stem cell transplantation, OR odds ratio, CI confidence interval, n/a

not applicable
*p <0.05

#Variables with p > 0.2 in univariate analysis were not included to the multivariable models

HSCT itself. Our results support the hypothesis that HSCT
significantly exacerbates skeletal impairment resulting in
low BMD among CCS [4, 26, 27]. Noticeably, HSCT is very
often preceded by TBI, which is commonly used as part of the
conditioning regimen. In order to obtain reliable analysis,
those patients who have undergone HSCT should be analyzed
separately depending on whether TBI was used or not. In our
study, TBI increased significantly the odds of low BMD in
long-term CCS survivors, which is in accordance with previ-
ous studies [28], though data are very limited.

Furthermore, methotrexate is known to have a negative
effect on bone formation through cytotoxic effects on osteo-
blasts and nephrons [29, 30]. However, the association be-
tween treatment with MTX and low BMD is still unclear
due to conflicting data on this field [4]. Our univariate analysis
found methotrexate used to be associated with low BMD in a
subgroup of patients who were examined up to 5 years after
the end of treatment, but not those over 5 years. This finding
may indicate a long-term recovery from chemotherapy-
induced effect. Nevertheless, we could not support evidence
that a higher cumulative dose of MTX was associated with a
lower BMD. It is also doubtful whether methotrexate and
GCS have a synergistic effect on bone loss. None of our anal-
yses confirmed the negative effects of such a combined ther-
apy on BMD. Many studies have highlighted the negative
effect of GCS on bone mass, by inhibiting osteoblast function

@ Springer

and increasing bone resorption. In this study, the vast majority
of analyzed subjects had received GCS, including dexameth-
asone which is postulated to have the most negative effect on
bone. Although we sought an effect of this potentially harmful
treatment modality on the skeleton in studied CCS, we found
no association between low BMD and past history of long-
term GCS treatment in.

Published data indicate that male survivors appeared to be
more susceptible to treatment effects on BMD than female
survivors, which might reflect higher vulnerability to
chemotherapy-related hypogonadism during puberty [23].
Moreover, males achieve peak bone mass a few years later
than females, which also may explain the greater susceptibility
of the skeleton to treatment-induced damage. We did not con-
firm the association between low BMD and sex in this study.

In addition, we examined changes in BMD over time in 123
CCS. In the subgroup of participants with two DXA scans
performed over time, 66% of those, who had had BMD Z-
score below — 2 at the first measurement, improved their
BMD up to > — 2, whereas 50% of those, who had previously
had BMD Z-score between < — 1 and > — 2, showed a time-
related shift of their BMD assignment to a higher range (i.e.,
above > — 1). This supports the view that BMD trajectory may
normalize with age, and catch-up with same-age healthy popu-
lation. Moreover, Lowess regression plots showed the improve-
ment of BMD until the age of about 2627, while in healthy
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individuals the peak bone mass is usually attained in their early-
thirties. Importantly, our results suggest that CCS may achieve
peak bone mass later in life compared with general population.
This has been reported in previous studies [13, 31]. However,
the possibility of selection bias, resulting from the partial anal-
ysis of some CCS population only, should be taken into con-
sideration. Furthermore, one should be very cautious in gener-
alizing the results to the whole population of survivors due to
the probability of regression toward the mean effect.

We found significantly higher BMD Z-scores in the long-
term CCS compared to those who had an observation time
shorter than 5 years. Furthermore, among short-term survivors
(follow-up time < 5 years), it was found that the odds of low
BMD decreased with age of diagnosis, but this link in a group
of long-term survivors (follow-up time > 5 years) disappeared.
Presumably, a longer time interval after the end of the treat-
ment may be beneficial for bone remodeling despite their de-
layed repair.

There are several limitations in this study. As there were
some missing data at the moment of diagnosis (i.e., initial
BMD may have been either within or beyond the normal
reference), the association or cause-effect between pre-
treatment BMD and subsequent treatment-related changes in
BMD may remain unexplained. Moreover, the results of the
retrospective single-center cohort study should be interpreted
in a context of possible bias which may occur; these include
the following: (1) not all types of cancers were included (brain
and bone tumors were not analyzed), (2) the analysis over time
was based on only part of the subjects (survivors with two
DXA measurement after treatment), and (3) not all confound-
ing factors were taken into consideration because no sufficient
data were available on physical activity, diet, vitamin D and
calcium intake, family history, fractures, and genetics
[32-38]. We decided not to extrapolate our results to the older
populations in whom the risk of bone loss is similar as in
general population. Finally, there are some methodological
issues to be discussed as our approach may be affected by
the predefined cutoff of low BMD being at Z-scores less than
— 1, instead of < — 2 (as recommended by ISCD) [39].

The strengths of our research include the reasonably large
cohort, a long follow-up time, no ethnic diversity, and the
inclusion of several types of pediatric cancers. An additional
advantage of our study is the approach using BMD Z-scores
adjusted for age and height, which enables a better compari-
son of the results with the most available reports. Moreover,
this is one of the few studies assessing changes in BMD over
time in CCS [13, 31, 40]. Our results, consistently with those
previously published, may play a role in a better understand-
ing of the factors associated with a decreased BMD among
CCS, and may therefore be another contribution to develop
guidelines for this specific population.

In recent years, great effort has been made to determine
which CCS are at risk of low BMD and to establish which

particular treatment-related factors have the most deleterious
effect on bones. This is particularly important in the context of
recent studies showing that reduced BMD is associated with a
higher fracture risk in CCS [8]. As the population of survivors
is becoming increasingly numerous, there is a need to provide
a simple, useful tool for routine medical practice, helping to
detect CCS most at risk of bone loss. Van Atteveld et al. have
attempted to develop and validate prediction models for low
BMD (Z-score < — 1) and very low BMD (Z-score < — 2)
among adult CCS. They examined two large cohort—2032
survivors from St Jude Lifetime Cohort (SJLIFE, develop-
ment) and 403 survivors treated at Erasmus Medical Centre
(validation). The models included male sex, height, weight,
age at DXA scan, current smoking status, and irradiation (cra-
nial and abdominal). The risk calculator is available online
[41]. The authors recommend their models as a reasonable
tool for personalized diagnostics which is likely to improve
identification of young adult CCS who might benefit from
DXA exam. We share the opinion that such a tool will be very
helpful in everyday practice, but at the same time we are aware
that the impact of factors that have not been well researched so
far (i.e., lifestyle, fracture risk, medical interventions at im-
proving low BMD) may significantly influence the risk as-
sessment [42]. Nevertheless, there are still no large observa-
tional or randomized studies taking into account all the above-
mentioned variables in one research [29]. It is also worth not-
ing that the use of new densitometric measurements, such as
the total body less head (TBLH), as well as the application of
new imaging techniques may allow faster progress in this field
[43].

Little recommendations are available for long-term follow-
up (LFTU) of bone condition among CCS [5]. Most of them
highlighted the detrimental influence of cranial radiotherapy,
previous treatment with GCS or methotrexate, and hematopoi-
etic stem cell transplantation. However, these recommenda-
tions are not superb and need to be updated in the context of a
growing number of recent studies. In this respect, evidence-
based LFTU surveillance guidelines should provide an opti-
mal tool to carry out a targeted screening to early detection of
decreased bone mass among CCS, which is likely to lead to
fewer fractures in the future. Finally, it should be stressed that
the most crucial moment for bone development takes place in
childhood, especially during puberty [44, 45]. Therefore, most
of the effective interventions should take place at the time
when bone mass is accrued. Future studies are needed to in-
vestigate lifestyle, physical activity, diet, long-term fracture,
and genetics in this growing population.

Conclusions

In summary, we showed that low BMD occurred in 24% of
childhood cancer survivors, while very low BMD was
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relatively uncommon at 8%. We confirm that low BMD in
CCS may become alleviated over time. Hematopoietic stem
cell transplantation, radiotherapy to the head and neck, and
body weight below the standard reference at the follow-up
visit were the strongest independent predictors of decreased
BMD in this study. In CCS, the risk of low skeletal mass in
young adulthood is regarded similar to that in general non-
cancer population, at least based on the BMD assessment.
These data, encompassing a long-lasting observation period
and based on serial DXA measurements, provide some opti-
mistic scenario showing that neither female nor male CCS are
at a higher risk of premature bone loss in young adulthood.
Though it is not yet clear how the trajectory of skeletal mass is
until the CCS will achieve older age and/or postmenopause.
Thus, conclusions from this study should be drawn with cau-
tion as bone mass and quality remains under several multifac-
torial environmental effects. Our data may contribute to the
development of future surveillance guidelines for CCS, deal-
ing with long-term effects of anti-cancer therapy on bone.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11657-020-00863-9.
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