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Abstract

Background—The prevalence of low bone mineral density (BMD) in adult survivors of 

childhood acute lymphoblastic leukemia (ALL), and the degree of recovery or decline, are not 

well elucidated.

Procedure—Study subjects (age ≥ 18 years and ≥ 10 years post-diagnosis) participated in an 

institutional follow-up protocol and risk-based clinical evaluation based on Children’s Oncology 

Group guidelines. Trabecular volumetric BMD was ascertained using quantitative computed 

tomography, reported as age- and sex-specific Z-scores.

Results—At median age 31 years, 5.7% of 845 subjects had a BMD Z-score of ≤ - 2 and 23.8% 

had a Z-score of - 1 to -2. Cranial radiation dose of ≥ 24 Gray, but not cumulative methotrexate or 

prednisone equivalence doses, was associated with a 2-fold elevated risk of a BMD Z-score of ≤ 

-1. The cranial radiation effect was stronger in females than in males. In a subset of 400 subjects, 

67% of those who previously had a BMD Z-score of ≤ -2 improved by one or more categories a 

median of 8.5 years later.

Conclusions—Very low BMD was relatively uncommon in this sample of adult survivors of 

childhood ALL, and BMD Z-scores tended to improve from adolescence to young adulthood. 

Correspondence to: Dr. James G. Gurney, Department of Epidemiology and Cancer Control, St. Jude Children’s Research Hospital, 
262 Danny Thomas Pl, Mailstop 735, Memphis, TN 38105, USA. Phone: 901-678-1673; Fax: 901-678-0372 jggurney@memphis.edu. 

NIH Public Access
Author Manuscript
Pediatr Blood Cancer. Author manuscript; available in PMC 2015 July 01.

Published in final edited form as:
Pediatr Blood Cancer. 2014 July ; 61(7): 1270–1276. doi:10.1002/pbc.25010.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



High dose cranial or craniospinal radiation exposure was the primary predictor of suboptimal 

BMD in our study. Given that cranial radiation treatment for childhood ALL is used far more 

sparingly now than in earlier treatment eras, concerns about persistently low BMD among most 

current childhood ALL patients may be unwarranted.
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INTRODUCTION

Children treated for acute lymphoblastic leukemia (ALL), the most common pediatric 

malignancy, [1] are at elevated risk for bone mineral density (BMD) deficits [2–4] that may 

persist into adulthood.[5–8] The harmful effect of cytotoxic treatment on BMD in ALL 

survivors may be due to the long treatment period of 2 to 3 years, which includes high-dose 

methotrexate and glucocorticoids, and in select cases, cranial or craniospinal radiation.[9] 

Glucocorticoids and methotrexate can interfere with skeletal growth and BMD recovery.[8, 

10–14] Cranial radiation can impair hypothalamic-pituitary function, negatively impacting 

sex and growth hormone secretions with deleterious consequences on bone metabolism and 

BMD.[8, 10, 13, 15] In addition, impaired bone metabolism and diminished bone mass in 

newly diagnosed ALL patients suggest a direct disease effect on BMD from leukemic 

infiltration of bone marrow.[16–19] The prevalence of low BMD in long-term childhood 

ALL survivors, and the degree to which BMD recovers or declines over time, have not been 

well elucidated. The purpose of this study was to evaluate the prevalence of low BMD in 

adulthood among childhood ALL survivors and to explore clinical factors related to 

persistently low BMD.

METHODS

Subjects

Study subjects are participants in the St. Jude Lifetime Cohort Study (SJLIFE). SJLIFE is an 

institutional follow-up protocol with a staged and ongoing recruitment process that began in 

September 2007. Recruitment and data collection methods for SJLIFE have been described 

in detail previously.[20, 21] Eligibility for the IRB-approved study is restricted to 

individuals age 18 years or older who were treated for cancer at St. Jude Children’s 

Research Hospital (St. Jude), are ≥ 10 years post-diagnosis, and provided written informed 

consent. Participation involves a risk-based clinical surveillance evaluation consistent with 

Children’s Oncology Group guidelines for long term follow-up care, [22, 23] which includes 

a BMD assessment for ALL survivors. Medical record abstraction is conducted to document 

type and cumulative doses of individual chemotherapeutic agents, surgical interventions, 

and radiation therapy. Participants also complete a battery of health surveys. The study was 

approved by the Human Subjects Institutional Review Board at St. Jude.

Relevant to this analysis, St. Jude has an After Completion of Therapy (ACT) clinic for 

medical and psychosocial monitoring of late effects among patients who remain in remission 

for at least 2 years following completion of antineoplastic therapy and are at least 5 years 
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from diagnosis. Patients are referred to the ACT clinic at the discretion of the primary 

treating service at St. Jude and may be followed until they are age 18 years or older and at 

least 10 years post diagnosis. At that point, ACT patients are discharged to the care of their 

community physician and they become eligible for recruitment into the SJLIFE research 

study. Subsequent to the Children’s Oncology Group follow-up guidelines that were first 

published in 2004, [23] ALL patients monitored in the ACT clinic may have received a 

BMD test for medical surveillance purposes. Some ACT ALL patients also participated in 

research protocols that included a BMD test. SJLIFE ALL participants who were followed 

in the ACT clinic and had an ACT BMD evaluation were considered in a subgroup analysis 

in the present study to quantify change in BMD over time.

BMD assessment

Trabecular volumetric BMD was determined by obtaining 28 to 32 three millimeter 

contiguous slice images of the mid-bodies of the first and second lumbar vertebra from 

quantitative computed tomography (QCT) using a GE VCT Lightspeed 64 detector (GE 

Healthcare, Milwaukee, WI USA) and Mindways QCT calibration phantoms and software 

(Mindways Software Inc., Austin TX USA). The average of the two vertebral BMD 

measures was calculated, standardized to age- and sex-specific norms, and reported as a Z-

score (standard deviation score).

Treatment exposures

Based on a priori knowledge, cumulative doses of methotrexate, glucocorticoids, and 

cranial radiation were considered as risk factors in the analysis for BMD effects. 

Glucocorticoids (dexamethasone and prednisone) are reported as prednisone equivalent units 

[24] (1 mg prednisone = 0.15 mg dexamethasone). Cranial radiation exposure was classified 

into four mutually exclusive groups: 1) no radiation exposure; 2) <24 Gy; 3) ≥24Gy; or 4) 

any cranial radiation with spinal radiation (including 20 subjects with total body irradiation). 

By standard of care, spinal radiation dose was 15 Gy and almost every patient who received 

spinal radiation also received at least 24 Gy cranial radiation. In exploratory analyses, we 

also evaluated the impact of other treatment-related exposures including anthracyclines, 

cyclophosphamide, vincristine, etoposide and teniposide as possible risk factors for low 

BMD.

Endocrine Assessment

In the protocol applied to our study population, participants exposed to cranial radiotherapy 

were screened for GH deficiency (GHD) during the SJLIFE visit by measuring IGF-1 levels. 

Individuals with an IGF-1 Z-score of < -2 for age and sex and those who were diagnosed 

with GHD using stimulation testing during childhood or prior to SJLIFE were classified as 

having GHD.

Menstrual, pubertal, reproductive, and contraception history was obtained on all female 

participants; estradiol, LH and FSH levels were measured in all women and levels were 

interpreted based on history and ongoing hormonal therapies. Women were classified as 

having premature ovarian insufficiency (whether of central or primary origin) if they had a 

previously established diagnosis or if they experienced amenorrhea before the age of 40 
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years. Women receiving sex hormone replacement continuously since adolescence, and 

whose diagnosis of primary ovarian failure and/or hypogonadotropic hypogonadism was not 

established with certainty at initiation of treatment, were categorized as having an 

‘unknown’ status (N=15).

All male participants were screened with AM testosterone, luteinizing hormone (LH) and 

follicle stimulating hormone (FSH) levels. Individuals were classified as having testosterone 

deficiency if they had a previous diagnosis associated with this condition (whether of central 

or primary origin) or if their screening study at SJLIFE revealed an AM testosterone level < 

200 ng/dL.

Statistical approach

The first analytic objective was to compare the cross-sectional distribution of potential risk 

factors across three levels of BMD Z-score: 1) > -1; 2) -1 to -2; 3) ≤ -2. Chi square statistics 

were used for categorical variables to test for homogeneity of treatment and demographic 

factors across the three BMD Z-score groups (Table 1). Kruskal-Wallis statistics were used 

for comparison of continuous variables across the BMD Z-score groups (Table 2). We also 

calculated age- and sex-specific cumulative prevalence of having a BMD Z-score of ≤ -1. 

The second analytic objective was to estimate the magnitude of association (as adjusted odds 

ratios) between risk factors and BMD in a multivariable logistic regression model stratified 

by sex. For these analyses, BMD was dichotomized into two groups (≤ -1 vs. > -1) and 

covariate selection was guided by an iterative identification of factors that may have 

confounding effects on the exposure-outcome risk estimates.[25] Because of our interest in 

treatment effects on BMD, the variables selected for inclusion in the multivariable model 

were cranial radiation dose (four indicator categories), cumulative prednisone equivalent 

dose (per 1000 mg/m2 units), cumulative methotrexate dose (per 1000 mg/m2 units), age in 

years at the SJLIFE BMD evaluation, and sex (for the overall model). Factors such as 

history of growth hormone deficiency, gonadal insufficiency, or body mass index were not 

included as potential confounders in the regression models because they were judged to be 

in the causal pathway (intermediates) between ALL treatment and BMD status, [26] 

especially from cranial irradiation. The third analytic objective was to compare change in 

BMD Z-score between two time points among the subgroup of SJLIFE participants who had 

a BMD test during a previous ACT clinic visit. If more than one ACT BMD test was 

available, the earliest test was used. A paired t-test was calculated to assess the mean 

difference in BMD Z-score between the ACT and SJLIFE BMD evaluations and a three by 

three contingency table was used to illustrate change (or lack thereof) in BMD Z-score 

category between the initial and subsequent tests.

RESULTS

Sample population

Figure 1 provides a flow (consort) diagram of the ALL survivors potentially eligible for this 

analysis. The source population for recruitment into SJLIFE as of the October 31, 2012 

cutoff date included 1412 ALL survivors. Of those, 29 had not reached the interview pool 

for recruitment, 70 were participants in SJLIFE as health survey respondents only with no 
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clinical or BMD examination, 107 had been contacted and expressed interest in participating 

but had not yet been scheduled, and 323 refused or could not be located. Of the 883 active 

participants, 845 had a clinical evaluation with a BMD test, which is 61% of the 1383 in the 

source population who had been offered enrollment. Of those, 400 had a prior BMD test 

conducted in the ACT clinic for analysis of BMD change over time. The evaluable cohort of 

845 with a BMD test included 21 HSCT recipients (20 allogeneic HSCT for high risk or 

relapsed ALL or secondary AML and 1 autologous HSCT for a second primary brain 

tumor).

Sample characteristics and distribution of BMD categories

Characteristics of the 845 study participants are shown in Tables 1 and 2. The median age at 

leukemia diagnosis was five years and the median age at the SJLIFE BMD evaluation was 

31 years; neither factor differed statistically by BMD category. The presence of endocrine 

dysfunction was not significantly associated with BMD category (Table 1). Notably, the 

relatively low proportion of participants receiving hormonal therapy at the SJLIFE 

evaluation precluded assessment of the impact of replacement therapy on BMD (4 of 326 

with GH deficiency, 10 of 47 with premature ovarian insufficiency, and 35 of 102 with 

testosterone insufficiency). A total of 205 (24%) survivors endorsed current use of vitamin 

D that was provided by prescription (n=3) or obtained as an over-the-counter medication or 

supplement (n=202). Current use of vitamin D was significantly associated with lower BMD 

Z-score group (p=0.047).

The overall prevalence with a BMD Z-score of ≤ - 2 was 5.7% and the prevalence with a Z-

score - 1 to -2 was 23.8%. Thus, 70.5% of study participants had a BMD Z-score in the 

normal range (> -1). The cumulative prevalence of those with a BMD Z-score of ≤ -1 at age 

40 years was 37.9% (95%CI 33.3%–42.5%) overall; 46.2% (95%CI 39.9%–52.4%) for 

males and 28.3% (95%CI 21.9%–34.9%) for females.

Multivariable models

As the number of subjects with very low BMD was too few to evaluate separately with 

statistical reliability, results of the multivariable models comparing BMD Z-score ≤ -1 with 

> -1 are presented in Table 3. For the overall model (males and females combined), neither 

methotrexate dose nor glucocorticoid dose were statistically associated with BMD category 

at the SJLIFE evaluation. In contrast, cranial radiation dose of ≥ 24 Gy was associated with 

an elevated risk of BMD Z-score ≤ -1 (adjusted odds ratio (OR) 2.05, 95%CI 1.21–3.46), as 

was craniospinal irradiation (adjusted OR 1.88, 95%CI 1.05–3.37), compared to those with 

no cranial or spinal radiation exposure. Because of our a priori hypothesis of a differential 

treatment effect by sex on BMD, sex-specific values are also presented in Table 3. The 

results show stronger radiation effects for female ALL survivors compared with male ALL 

survivors (P-value for effect heterogeneity between sex and CRT categories in the adjusted 

model = 0.01). Other chemotherapeutic exposures were not significantly associated with risk 

of BMD score of <-1, with the exception of etoposide exposure among males (p=0.015). 

The limited number of HSCT recipients precluded evaluation of this modality as a specific 

risk factor for low BMD.

Gurney et al. Page 5

Pediatr Blood Cancer. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Analysis of change in BMD category over time

An evaluation of the 400 study participants with both ACT and SJLIFE BMD evaluations 

compared to the 445 participants with only a SJLIFE BMD showed no statistically 

significant differences in age at diagnosis, gender or race. Consistent with the application of 

the Children’s Oncology Group follow-up guidelines in 2004, those with a prior BMD test 

tended to be younger (median age of 26 years) than did those without a prior BMD test 

(median age of 36 years). Also congruent with a younger ALL cohort, the subjects with an 

ACT BMD test were less likely to receive cranial radiation (42%) than were those without 

an ACT BMD test (79%) and those with an ACT BMD test received higher median 

cumulative doses of methotrexate (12867 vs. 2653 mg/m2) and prednisone equivalent units 

(9560 vs. 1120 mg/m2) than did the subjects without a prior BMD test.

Median time between the initial BMD test and the subsequent BMD test was 8.5 years 

(interquartile range = 6.6–10.7). The mean difference in BMD Z-scores between the two 

tests was −0.086 (95%CI −0.20 to 0.031, P=0.15). Table 4 compares BMD Z-score 

categories between the two evaluation times. At the initial test, 15.2% of participants had a 

BMD Z-score of ≤ -2; at the subsequent test that prevalence had decreased to 7.0%. In all, 

367 (91.8%) either improved their BMD Z-score category or remained in the same category 

over the follow-up period. A suboptimal outcome group of 53 (13.3%) ALL survivors either 

did not improve beyond the ≤ -2 BMD category or had their BMD category worsen from 

baseline to follow-up (shaded area of Table 4).

DISCUSSION

Because of the known adverse effects of childhood ALL treatment on bone growth and 

metabolism, [13, 14] we hypothesized that a high percentage of survivors would have very 

low BMD in adulthood. We also surmised that BMD Z-scores would tend to decline over 

time, thus indicating an earlier onset of bone mineral loss than occurs in the ‘normal’ 

population. In contrast, although higher than would be expected from a standard normal 

distribution, we found that only 5.7% of our full study population (median age of 31 years) 

had a BMD Z-score consistent with osteoporosis (≤ -2). In addition, in the subset of subjects 

with two BMD measurements over time, we found that 67% of those who previously had a 

BMD Z-score of ≤ -2 improved by one or more categories a median of 8.5 years later. It 

should be noted that clinical management of inadequate BMD during the study period was 

limited to recommendations for calcium and vitamin D supplementation and/or lifestyle 

counseling to optimize bone health; bisphosphonates were not prescribed in the ACT clinic. 

Use of vitamin D at study evaluation was associated with a lower BMD Z-score, which 

could be related to suboptimal dosing from over the counter preparations in vitamin D 

deficient participants. Fortunately, it appears from our data that BMD values tend to 

improve over time in long-term childhood ALL survivors.

The strongest risk factor for a persistently low BMD (Z-score ≤ -1) during young adulthood 

was high dosage (≥24 Gy) of cranial radiation or craniospinal radiation. After adjusting for 

age and other treatment factors, this exposure dose, relative to no cranial radiation exposure, 

was associated with an approximate 2-fold increased risk of a BMD Z-score of ≤ -1. In 

addition, female survivors appeared to be more susceptible to craniospinal radiation effects 
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on BMD than were males, which may reflect greater vulnerability to ovarian injury from 

scatter irradiation [10]. Males had a similar risk estimate to that of females for 24 Gy cranial 

irradiation without focal spinal radiation exposure. Increasing cumulative doses of 

glucocorticoid and methotrexate were not statistically associated with persistently low BMD 

for the overall group and among males in the cohort in the multivariable models controlling 

for treatment variables, age at SJLIFE evaluation, and sex, which may indicate long-term 

recovery from chemotherapy-related effects (Table 3). However, there was some indication 

that higher prednisone exposure was associated with lower BMD among female participants.

The low prevalence of BMD deficits, the cross-sectional analysis, and limited historical 

information and definitive tests to assess growth, testosterone, and ovarian hormone statuses 

over time precluded clinically meaningful analysis of the potential causal relation between 

endocrine organ dysfunction and BMD status as an adult. The observed effect of CRT on 

BMD is likely related to anterior pituitary deficiencies, including GH deficiency, which we 

found to be untreated in the majority of individuals evaluated in SJLIFE. Some patients who 

received CRT were not identified as being previously tested for GH deficiency and most 

who were tested as children for GHD were not tested again as an adult to meet the adult 

definition for GHD. We are unable to compare the impact of optimal replacement of GH in 

those deficient during childhood through adulthood on preventing low bone mineral density. 

As GH deficiency cannot be definitively assessed without GH stimulation testing, our data 

pertaining to GH status should be interpreted with caution.

Likewise, sex steroid production important in maintenance of BMD may be adversely 

affected by gonadotropin insufficiency associated with CRT or direct gonadal injury related 

to spinal irradiation [10]. Women with hypogonadism may not be receiving hormone 

replacement therapy at the time of the SJLIFE evaluation for a variety of reasons, including 

medical contraindications such as a history of thromboembolic disease or variable access to 

medical care. The frequency of untreated hypogonadism in males seemed to be even higher 

than that of females. However, the absence of confirmatory data regarding low testosterone 

and subsequent replacement in males diagnosed at the SJLIFE visit makes it difficult to 

assess the effect of hormonal replacement on BMD among men in this study.

Limitations of the study include the lack of BMD measurement before treatment initiation or 

at regular intervals following treatment completion. We could not, therefore, assess change 

from baseline or incremental recovery over time. Also important for consideration is the 

relatively young age of our study population and its lack of racial diversity. We could not 

address potential effects of ALL treatment on BMD trajectory at older ages when risk for 

osteopenia and osteoporosis increases significantly in the general population. In the general 

population, older age and body mass index are known to be correlated with BMD. In the 

current study population, an association with these factors and BMD was observed in 

univariate analyses, but not in multivariable models. As the SJLIFE cohort ages and 

continues to be followed, we can better evaluate the pattern of BMD changes over time. 

Another consideration is the potential for differential participation of subjects that could 

result in biased estimates of risk if the participants are not representative of the source 

population from which they were drawn. Our prior work evaluating representativeness of the 

SJLIFE cohort [21] provides some degree of confidence that we have a representative 
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sample base, but we could not specifically evaluate differential BMD effects among non-

participants.

Strengths of the study include the reasonably large sample size and relatively long follow-up 

period between BMD evaluations in our subgroup analysis. An additional study strength is 

the use of QCT rather than dual energy X-ray absorptiometry (DXA) as a measure of BMD. 

We elected to use QCT because it has several important advantages over DXA [27] in our 

patient population: 1) QCT measures trabecular bone, which is more sensitive to disease-

related bone change; 2) QCT allows direct measurement of volumetric BMD, while DXA 

can only measure areal BMD and requires calculations for volumetric BMD that may be 

confounded by bone size and can be difficult to interpret in childhood cancer survivors;[13] 

and 3) QCT is less likely than DXA to overestimate BMD in obese individuals, whose DXA 

BMD values are elevated when soft tissue attenuates x-ray beams.[28]

In conclusion, very low BMD was relatively uncommon in this large sample of young adult 

survivors of childhood ALL, and BMD tended to improve between adolescence and young 

adulthood. Cranial or craniospinal radiation exposure (≥ 24 Gy) was the primary predictor of 

suboptimal BMD in our study; however, given that radiation treatment for childhood ALL is 

used far more sparingly now than in earlier treatment eras, [29] concerns about persistently 

low BMD among most current childhood ALL patients may be unwarranted, at least as 

suggested by these study results.
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Figure 1. 
Flow diagram of participation categories from the source population of potentially eligible 

ALL survivors in the St. Jude Lifetime Cohort Study as of October 2012.
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Table 4

Comparison of BMD Z-score categories at the initial visit (rows) and the subsequent visit (columns) in the 

subset of 400 participants with two BMD tests

Subsequent BMD Z-score

Initial BMD Z-score > -1 -1 to > -2 ≤ -2 Total at baseline

> -1 212 25 2 239 (59.8%)

-1 to > -2 40 54 6 100 (25.0%)

≤ -2 11 30 20 61 (15.2%)

Total at follow-up 263 (65.8%) 109 (27.2%) 28 (7.0%) 400 (100%)

The shaded area represents childhood ALL survivors with a suboptimal outcome, i.e. those whose BMD Z-score category either worsened over the 
time period or stayed within the low BMD category (N=53, 13.3%). The median follow-up time between BMD tests was 8.5 years (interquartile 
range 6.6 – 10.7).
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