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Abstract

Diminished bone density and skeletal fractures are common morbidities during and following 

therapy for acute lymphoblastic leukemia (ALL). While cumulative doses of osteotoxic 

chemotherapy for ALL have been reported to adversely impact bone density, the timing of onset 

of this effect as well as other changes to bone structure are not well characterized. We therefore 

conducted a prospective cohort study in pre-adolescent and adolescent patients (10-21 years) 

newly diagnosed with ALL (n=38) to explore leukemia-related changes to bone at diagnosis and 

the subsequent impact of the first phase of chemotherapy (“Induction”). Using quantitative 

computerized tomography (QCT), we found that pre-chemotherapy bone properties were similar 

to age- and sex-matched controls. Subsequently over the one month Induction period, however, 

cancellous volumetric bone mineral density (vBMD) decreased markedly (-26.8%, p<0.001) with 
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sparing of cortical vBMD (tibia -0.0%, p=0.860, femur -0.7%, p=0.290). The tibia underwent 

significant cortical thinning (average cortical thickness -1.2%, p<0.001; cortical area -0.4%, 

p=0.014), while the femur was less affected. Areal BMD (aBMD) concurrently measured by dual-

energy X-ray absorptiometry (DXA) underestimated changes from baseline as compared to 

vBMD. Biochemical evidence revealed prevalent Vitamin D insufficiency and a net resorptive 

state at start and end of Induction. Our findings demonstrate for the first time that significant 

alterations to cancellous and cortical bone develop during the first month of treatment, far earlier 

during ALL therapy than previously considered. Given that osteotoxic chemotherapy is integral to 

curative regimens for ALL, these results provide reason to re-evaluate traditional approaches 

toward chemotherapy-associated bone toxicity and highlight the urgent need for investigation into 

interventions to mitigate this common adverse effect.
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1. Introduction

Chemotherapy for pediatric acute lymphoblastic leukemia (ALL) is known to adversely 

impact bone density and is associated with skeletal fractures [1-4]. Recent reports have 

described the onset of osteotoxicity earlier than previously thought with bone changes now 

understood to primarily occur during active therapy [5, 6] with potential improvement for 

some in the years following therapy [7, 8]. While the etiology for the adverse influence of 

ALL therapy on bone is likely multi-factorial, a significant contributor is prolonged and 

repetitive high-dose glucocorticoid steroids given throughout the two to three years of ALL 

treatment [9]. Prior studies of osteotoxicity have therefore principally focused on the 

cumulative effects of ALL treatment on bone density after months or even years of ALL 

therapy [10-14]. Yet, ALL therapy commonly begins with a treatment phase (Induction) that 

relies o[8]n an established backbone of glucocorticoid steroids to obtain the crucial initial 

remission. Recently, the large Canadian “STeroid-associated Osteoporosis in the Pediatric 

Population (STOPP)” clinical trial revealed that occult fractures and vertebral compression 

are already frequent occurrences even during this first treatment phase. However, many 

studies that have examined bone during this early time period, including the STOPP trial 

[15] and others [13, 16], have grouped much, or all, of Induction chemotherapy into a single 

cross-sectional time-point, thereby precluding examination of changes to bone during 

Induction itself from the days or weeks of osteotoxic chemotherapy [16].

In the present study, we sought to address this knowledge gap through focusing specifically 

on changes to bone during the Induction phase and to gain greater insight into potential 

changes due to leukemia infiltration of the marrow even prior to therapy. Use of the 

advanced imaging modality of quantitative computerized tomography (QCT) provided the 

opportunity to gain detailed information on bone properties, such as three-dimensional 

volumetric BMD (vBMD), bone geometry, and other contributors to bone strength. As much 

of the existing bone density literature in ALL uses the well-validated, and more commonly 

available, dual-energy x-ray absorptiometry (DXA) to assess areal BMD (aBMD) [12, 17, 
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18], we concurrently assessed whole body aBMD in our cohort with DXA as well. To our 

knowledge, this is the first study to use QCT to determine detailed bone structure and 

density at the time of diagnosis and to focus on early changes from Induction therapy for 

childhood ALL.

2. Materials and Methods

2.1 Study Population

Pre-adolescents, adolescents and young adults (AYA) at least ten and less than 21 years of 

age newly diagnosed with National Cancer Institute/Rome High-Risk B-Precursor (HR BP-

ALL) or T-cell ALL were enrolled in a prospective study of osteotoxicity within 24 hours 

from the initiation of Induction chemotherapy. An AYA population was selected for study 

as an at-risk target population with greater rates of chemotherapy-induced osteotoxicity [19, 

20]. All patients were treated following Children's Oncology Group (COG) protocols 

(AALL0232, AALL1131, AALL0434) and uniformly received a 28 day Induction regimen 

using vincristine, pegylated L-asparaginase, anthracycline (daunorubicin or doxorubicin), 

and a glucocorticoid (either prednisone 60mg/m2/day for 28 days or dexamethasone 

10mg/m2/day for 14 days). Due to toxicity from the treatment intensity of Induction 

chemotherapy, not all subjects were able to complete all imaging and assessments 

(Supplemental Fig. 1, Consort diagram). Demographic and treatment information included 

age, sex, ethnicity, Body Mass Index percentile (BMI%), leukemia phenotype, treatment 

regimen, and cumulative steroid dose delivered. For evaluation of bone density, geometry, 

and estimated biomechanical resistance to force at the time of diagnosis (i.e. due to onset of 

the leukemia), bone density, geometry, and structural properties in the treatment group were 

compared to healthy children recruited separately at our institution for prospective studies of 

bone. The individual cohorts for vertebral and tibia comparisons were drawn from two 

separate studies of children free of chronic disease, not on steroids or medications affecting 

growth and development, and without metal implants precluding imaging. Matched controls 

were selected from these healthy cohorts based on age (+/- 0.1 years) and sex for 

comparison of bone measures and body composition. No control group for femur 

comparison was available. The clinical trial was approved by the Institutional Review Board 

and federally registered (NCT01317940). Informed consent was obtained for all subjects.

2.2 Imaging Protocols

Subjects underwent imaging within 96 hours from start of chemotherapy and again 28-35 

days later at the end of the Induction phase and prior to any subsequent chemotherapy. 

Subjects were imaged using QCT; to reduce operator-induced intra-patient (for serial 

imaging) and inter-patient variability in radiographic assessment, all imaging was performed 

primarily by the same certified radiology technician. The lumbar spine was assessed in all 

participants using a scan of the L1-L3 vertebrae, and femurs and tibias were assessed at the 

mid-shaft. For the spine, the site to be scanned was identified with a lateral scout view, and a 

single 10-mm axial slice was obtained at the mid-portion of each of the three vertebral 

bodies – L1, L2, and L3. For the femur, the site to be scanned was identified visually as the 

midpoint between the most distal and central aspect of the patella and the greater trochanter, 

and a single 10 mm slice was obtained at the femoral mid-shaft. For the tibia, contiguous 1-
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mm slices were obtained covering the entire tibia. One slice halfway between the tibial 

plateau and the most distal point of the medial malleolus was then selected for analysis. All 

femur and spine scans were performed on the same scanner (General Electric LightSpeed 

QX/I, Milwaukee, WI) using the same mineral reference phantom for simultaneous 

calibration (CT-T bone densitometry package; General Electric). All tibia scans were 

completed using a different scanner (Philips Gemini GXL, Philips Medical Systems Inc., 

Cleveland, OH) and mineral reference phantom (Mindways Model 3 CT Calibration 

Phantom, Philips Gemini GXL, Philips Medical Systems Inc., Cleveland, OH).

Image analysis for the femur and tibia was done using custom algorithms in Matlab version 

R2013b (Mathworks, Natick, MA). For the diaphysis, geometric properties were calculated 

using contours from edge detection based on the density gradient between neighboring 

voxels and included average cortical bone density, total bone area, cortical bone area, 

medullary canal area, average cortical bone thickness, maximum principal (Imax), minimum 

(Imin) principal, and polar (J) moments of inertia, and average marrow density. Of note, the 

site was changed from tibia to femur midway through the study due to logistical changes at 

our institution; nonetheless, this adjustment provided the ability for us to compare change in 

cortical bone at two lower extremity sites.

For aBMD, a fan beam DXA densitometer (Delphi W; Hologic, Inc., Waltham, MA) in 

array mode was used and analyzed with the manufacturer's software. The coefficients of 

variation for measurements of fat, lean mass, and bone mineral content (BMC) are between 

1.2 and 5% [21]. Since the primary comparison to a healthy cohort was established with 

QCT, to limit radiation exposure only whole-body DXA was performed to compare changes 

in BMD by the two modalities. Percent change from baseline during Induction for aBMD 

was calculated from whole body DXA for “Total body less head” (TBLH) and for the spine 

(total, thoracic, lumbar) from BMC divided by bone area.

2.3 Biochemical Analysis of Bone Metabolism

Serum from the ALL cohort was analyzed for markers of bone metabolism at diagnosis and 

end of Induction. Blood was collected within 24 hours of beginning therapy; in 92% of 

patients (35/38), samples were collected prior to the start of chemotherapy. Vitamin D status 

was evaluated via 25-hydroxy vitamin D (25OHD) and 1,25-dihydroxy vitamin D 

(1,25OHD) performed by liquid chromatography tandem mass spectrometry at Quest 

Diagnostics Nichols Institute (San Juan Capistrano, CA). Phosphorus, corrected calcium 

(cCa, calculated due to prevalent hypo-albuminemia from inflammation, malnutrition, and 

chemotherapy effect), intact parathyroid hormone (PTH), bone-specific alkaline phosphatase 

(BS-Alk), osteocalcin (Ost), and c-telopeptide (Ctx) were analyzed as markers of bone 

turnover.

2.4 Statistical Analysis

BMI percentiles (BMI%) were calculated for each subject from population age- and sex-

specific norms as per the Centers for Disease Control and Prevention[22]. For comparison of 

age- and sex- matched controls, continuous variables were analyzed by independent t-tests 

and categorical variables by Fisher exact test of proportions. As no significant differences 
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were noted with respect to body size, no specific adjustment was made for tibial length (as 

above, no comparison was available for femurs); nonetheless, a confirmatory analysis was 

performed including height as a covariate for approximate tibial adjustment and revealed no 

significant differences for all QCT comparisons (data not shown). For comparison of change 

in bone during Induction, significance was determined using paired t-tests to compare pre- 

and post-Induction QCT measurements and aBMD by DXA. Mean percent change from 

baseline was also calculated for each measure and presented for ease of clinical 

interpretability. The effect of steroid type and/or cumulative steroid dose on percent change 

in QCT measurements was analyzed using the K-S test for non-parametric continuous 

distributions. As per the most recent 2011 Institute of Medicine report, Vitamin D status was 

categorized as insufficient or deficient based on a serum 25OHD <20ng/ml or <12ng/ml 

respectively [23]. Biochemical values of bone metabolism and Vitamin D status pre- and 

post-Induction were analyzed using a paired t-test or non-parametric paired Wilcoxon rank-

sign test. All analyses were two-sided with significance set at p<0.05. Calculations were 

performed in STATA (StataCorp. 2009. Stata Statistical Software: Release 11. College 

Station, TX: StataCorp LP).

3. Results

3.1 Effect of Leukemia on Bone at Diagnosis

Of the 51 subjects enrolled on study, 38 were able to complete imaging at diagnosis and 

were included in the analysis for comparison to healthy controls. The majority of subjects in 

the ALL cohort were male (58%, n=22/38), Hispanic (84%, n=32/38), with an average age 

of 14.6 years (range 9.9– 19.6). Eighteen of these 38 subjects had imaging at the tibia site. 

As shown in Tables 1 and 2, the subjects in the age- and sex- matched groups did not differ 

significantly in height, weight, or body composition (by BMI% or DXA respectively). In the 

tibia sub-cohort a slight but significant preponderance of Hispanic individuals was present in 

the ALL group. Subjects and controls in the vertebrae and cortical bone subsets were well 

matched by age (p=0.989 and 0.699, respectively [Table 1 and 2]).

No significant differences were found between healthy volunteers and ALL patients at the 

time of diagnosis in assessment of vBMD of cancellous or cortical bone, nor of bone 

geometry or structural properties (Tables 1 and 2). The ALL cohort was noted to have a 

higher average marrow density when compared to the healthy controls (42.5±34.1 mg/cm3 

vs -3.7±18.5 mg/cm3 respectively, p<0.001) as expected due to the high cellularity of the 

leukemia-infiltrated bone marrow. Of note, the average medullary canal area was not larger 

in the ALL group (95.2±32.4mm2 to 95.7±26.5mm2, p=0.958). Only one patient in the ALL 

cohort had a clinically symptomatic fracture at time of diagnosis (compression fractures of 

the lumbar vertebrae). This patient had the lowest cancellous vBMD and average cortical 

thickness in the ALL cohort, but demonstrated no other differences in bone density or 

geometry as compared to the healthy control group or to the remainder of the ALL cohort.

3.2 Changes in Bone Structure during Induction

Of the 38 subjects who completed imaging at diagnosis, 35 (92%, n=35/38) were 

sufficiently well enough to be imaged upon completion of Induction (Table 3). At the end of 
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Induction, cancellous vBMD (as measured in the spine) exhibited significant declines, from 

178.5±33.1 mg/cm3 to 131.0±35.4 mg/cm3 (p<0.001), representing a median loss of 26.8% 

(95%CI -34.1,-21.6). In contrast, cortical vBMD, analyzed at either the tibia (n=18/35) or 

femur (n=17/35), was relatively spared with no significant changes during the same period. 

Cortical bone was not unaffected, however, with early changes to key elements of bone 

geometry affecting the tibia more than the femur: by the end of the 28 day Induction period, 

statistically significant decreases from baseline in cortical area in the tibia were already 

present (-0.4% [95%CI -0.7,-0.1], p=0.014) along with thinning of the cortical bone as 

evidenced by decreased average thickness (-1.2% [95%CI -1.5, -0.4], p<0.001). These 

changes corresponded to an increased medullary canal area (+1.7% [95%CI 0.1, 3.6], 

p=0.004). It should be noted that although substantially variability in these measures was 

present between subjects, the relative changes in these values were highly consistent. The 

femur evidenced similar trends in thinning of the cortical bone, although these did not reach 

statistical significance by the end of Induction. No significant changes were noted in the 

moments of inertia: Imin, Imax, J.

Comparison of steroid type revealed no significant differences noted in vBMD, bone 

geometry, and bone structural properties between those who received a 28-day prednisone-

based Induction (83%, n=29/35, mean cumulative dose 2,776±504.4 mg) versus a 14-day 

dexamethasone-based Induction (17%, n=6/35, mean cumulative dose 230±63.4 mg) (Table 

4). Those who received the prednisone-based Induction had slightly greater declines in 

cancellous vBMD although this did not reach statistical significance. Concurrent evaluation 

of change in bone density by DXA revealed aBMD for TBLH was normal at time of 

diagnosis per population norms (z-score 0.28, SD 1.18) but then decreased from baseline 

during Induction for TBLH (-2.5% [95%CI -3.2, -1.8], p<0.001) and in the spine (total spine 

-2.7% [95%CI -4.6, 0.2], p<0.003; thoracic -0.1%[95%CI -3.4, 0.8], p<0.171; lumbar -2.0% 

[95%CI -5.9, 0.77], p<0.013). While this loss of bone mineral density was consistent with 

that found using vBMD, the magnitudes of change were consistently less than that found 

when bone type was delineated by QCT.

3.3 Biochemical Markers of Bone Metabolism

Changes during Induction to markers of bone metabolism were also examined. At diagnosis, 

all 38 subjects were evaluable and two thirds of the cohort (n=25/38, 66%) were either 

Vitamin D insufficient (<20 ng/mL; n=21/38, 55%) or deficient (<12 ng/mL; n=4/38, 11%) 

and remained so at the end of Induction (n=20/38 and 2/38 respectively). The active moiety 

1,25OHD was within normal limits and did not change over Induction (mean 47.6±27.9 

pg/ml vs 45.6±18.4 pg/ml, p=0.758). Significant changes from baseline were seen in Ctx, 

phosphorus, and cCa (Fig. 1A, 1E, 1F). At diagnosis, serum phosphorus was elevated as 

would be expected due to leukemia burden and then declined once in remission. Serum 

markers of bone metabolism demonstrated an overall balance toward bone resorption at the 

end of Induction with marked elevation in Ctx (Fig. 1A) but no corresponding increases in 

indicators of bone formation (Ost/Fig. 1B, BS-Alk/Fig. 1C). These findings are consistent 

with the observed declines in bone mineral density and cortical bone during Induction.
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4. Discussion

We present here the first detailed study using QCT to examine bone density and structure at 

diagnosis and during early therapy for newly diagnosed pediatric ALL. We documented a 

dramatic decline in cancellous vBMD during the first month of treatment, along with 

evidence of early thinning of cortical bone, as measured by QCT. We did not detect declines 

in moments of inertia derived from imaging technology of the bone during Induction. This 

suggests that bone strength in the diaphysis may be relatively preserved, although the 

relationship of these parameters to bone fragility has not been conclusively proven in vivo. 

While the disparity between cancellous and cortical bone may not be surprising given that 

cortical bone resorption is a slower process compared to cancellous bone [24], the presence 

of significant changes even in cortical bone during such a short time-frame is potentially 

concerning. A corresponding evaluation of aBMD by the more commonly available DXA 

revealed the same significant pattern of bone loss within the first month, albeit with 

pronounced underestimation relative to vBMD. This discrepancy between aBMD and 

vBMD has been previously reported in other pediatric populations [25, 26] and raises the 

question of what potential role QCT may contribute to surveillance of osteotoxicity. 

Nonetheless, serum markers of bone metabolism corresponded with the findings on imaging 

and were consistent with a net resorptive state. To our knowledge, this is the first report 

indicating that clinically significant bone loss from ALL therapy is already evident by the 

end of the first month of therapy, rather than after months of treatment and inactivity. 

Further, because there was no difference in bone characteristics between patients at 

diagnosis and healthy controls, our findings indicate that bone morbidity at end of Induction 

primarily represents effects of treatment rather than the leukemia itself.

These findings were most pronounced in the vertebrae, where children in our cohort lost 

from 6 – 54% of their starting vBMD within a single month. For context, studies of the 

lumbar spine in healthy adults have demonstrated loss of approximately one to three percent 

of cancellous vBMD per year over decades [27]. The relative susceptibility of cancellous 

bone to Induction chemotherapy could account for the high prevalence of vertebral fractures 

noted in ALL populations [13], but does not explain the 8-10% prevalence of vertebral or 

other fractures prior to chemotherapy [13, 28]. In fact, comparisons of bone measures at 

diagnosis to a group of non-leukemic controls showed no significant differences across all 

measures of bone density, geometry, and structural properties. Similarly, the aBMD was not 

markedly different in the ALL cohort as compared to population norms [29]. As only one 

child in our cohort experienced a pre-chemotherapy clinically symptomatic vertebral 

fracture, we were unable to explore this further. The etiology of these fractures remains 

unclear and additional investigation is needed to assess bone geometry and strength in 

children with fractures at diagnosis versus those without.

Conversely, we found vBMD of cortical bone was almost completely spared in our cohort. 

Fracture risk to long bones, however, is associated with changes to bone geometry, 

specifically cortical area and cortical thickness, even without deterioration of vBMD 

[30-32]. In our cohort, even during this short period, cortical bone showed evidence of such 

cortical thinning, with the tibia affected more than the femur. While risk for fracture during 

Induction is mitigated by the relative inactivity of children during this period [33], these 
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early changes to bone likely contribute to increased fracture risk when activity increases 

later in treatment [10, 34]. The greater sensitivity of the tibia to chemotherapy found at this 

early point is also consistent with the nine-fold increased risk for later fracture in the tibia 

versus femur [10]. As our study was not powered to quantify the effect size for changes in 

individual aspects of bone geometry, however, further research remains necessary to 

elucidate the contribution of these early changes to fracture risk, assess changes from 

continued chemotherapy, and to determine whether the sensitivity offered by QCT should 

therefore be incorporated into clinical monitoring.

Despite normal bone density and structure at diagnosis, we found the prevalence of Vitamin 

D insufficiency and deficiency to be double that reported in the general population (less than 

one-third) [35]. While the cohort had normal levels of the active Vitamin D 1,25OHD 

moiety (as well as calcium), the lack of adequate Vitamin D stores may have impaired the 

ability to adequately compensate for the effects of osteotoxic chemotherapy. Previous 

cohorts have shown decreased bone turnover (both formation and resorption) during a 

steroid-based Induction regimen [36]. In our cohort, however, we found biochemical 

evidence of increased bone degradation, without increases in bone formation/modelling/

remodeling, which would signify a net resorptive state. As clearance of bone turnover 

markers may be affected by chemotherapy and/or the initial associated hyper-hydration, 

interpretation of bone marrow markers is challenging in the context of ALL therapy. 

Nonetheless, the overall resorptive trend identified via the serum markers is consistent with 

the changes noted to bone density and structure on imaging.

The strengths of this study lie in the use of QCT and simultaneous DXA to provide a 

detailed analysis of early changes to bone density, structure, and geometry in a prospective 

AYA cohort. We recognize, however, the limitations of these imaging modalities in their 

inability to delineate the contributions from bone mineral, cellular composition, lipids, and 

water to the measured tissue density. The changes seen in this study, and in others relying on 

QCT, thus actually reflect differences in the multiple components that constitute cancellous 

bone, including changes in marrow cellularity from leukemia, and not mineral content alone. 

While it is therefore not possible to quantify the decrease in bone mineral content per se, the 

comparison to a healthy cohort shows these declines are not due to false elevations of 

vBMD from changes in the marrow compartment alone, but represent true changes from 

baseline in “whole” cancellous vBMD, a measure strongly associated with risk for fracture 

in children [27, 31]. Further, vertebral morphometry was not measured in the study, and 

therefore changes to vertebral height and occult fractures could not be assessed. The low 

prevalence (1/38) of diagnosed fractures (ie. due to symptoms) and the absence of vertebral 

morphometry precluded analysis of the relative contributions to fracture risk from changes 

to bone density and structure. Similarly, the high prevalence of Vitamin D insufficiency/

deficiency prevented analysis of its influence on changes in bone during Induction. We 

acknowledge that we could not compare sexual maturity level to the healthy control groups 

as the data was not available; while this is mitigated somewhat by matching of age and sex, 

this could contribute some additional variability not incorporated. We would note, however, 

that this does not affect the primary finding of our study regarding changes in bone during 

Induction.
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Our study cohort represented a predominantly Hispanic AYA population. Whether ethnicity 

contributes to bone density is controversial [37, 38], but further study is needed across 

younger age groups and a wider demographic to determine if the effects are consistent 

across populations. Nonetheless, the early changes to bone found in this study emphasize the 

need to develop effective interventions and raises the question of whether preventive 

measures beginning at the time of diagnosis may be necessary to mitigate the adverse 

influence of osteotoxic chemotherapy. Previous studies to positively influence bone density 

using Vitamin D[39] or exercise [40] were both implemented subsequent to Induction and 

were not successful. However, using a combination approach of both Vitamin D and 

exercise, as is typically recommended [41], and beginning the intervention concurrent with 

Induction therapy, may provide benefit where the previous studies did not. Bisphosphonate 

therapy during leukemia treatment might be an alternative approach, and one that has been 

demonstrated to increase bone mineral density in children with leukemia[42]. Inclusion 

early in therapy in a preventive approach might prove effective to maintain bone density and 

architecture, although any oncologic effects from inclusion into Induction chemotherapy and 

the mostly unknown long-term side effects of such approaches would have to be carefully 

considered. With increasing long-term survival from pediatric ALL, increasing attention 

needs to be focused on determining the significance of these early changes to bone density 

and structure as a threshold step toward future study of rationally-directed interventions to 

prevent acute and delayed morbidity.
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Highlights

1. Newly diagnosed leukemia does not significantly affect bone density and 

structure as compared to a healthy cohort of children

2. Osteotoxic chemotherapy for childhood acute lymphoblastic leukemia 

significantly affects bone health during the initial month of chemotherapy alone

3. DXA underestimates specific aspects of osteotoxicity as compared to QCT

4. Further research is necessary to delineate the clinical role of qCT in monitoring 

changes to bone during ALL chemotherapy

Orgel et al. Page 13

Bone. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Change in Markers of Bone Metabolism during Induction
Serum markers of bone metabolism were measured at time of diagnosis and again at the end 

of Induction. Mean ±SEM for the subset with complete pre- and post- imaging are depicted 

above, (A) C-telopeptide, (B) Osteocalcin, (C) Bone-specific alkaline phosphatase (D) 

parathyroid hormone [PTH], (E) Corrected Calcium (corrected for serum albumin), and (F) 

phosphorus. For the PTH assay, normal values by age (in years) are as follows: 10-13 (11-74 

pg/ml), 14-17 (9-69 pg/ml), >17 (14-64 pg/ml). All statistical comparisons performed via 

paired t-test or paired Wilcoxon sign-rank text, significance set at p<0.05. NS = not 

significant.
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Table 1
Comparison of ALL cohort at diagnosis to age- and sex-matched healthy controls (n=38)

Measures At Diagnosis Mean ±SD Control Subjects Mean ±SD p-value1

Subjects Characteristics

 Age (Years) 14.6 ±2.7 14.6 ±2.7 0.989

 Sex, n (%) Male 22 (58) 22 (58) 1.000

 Ethnicity, n (%), Hispanic 32 (84) 26 (68) 0.176

 Height (cm) 159.5 ±12.1 159.5 ±11.9 0.986

 Weight (kg) 62.8 ±22.5 57.8 ±14.3 0.252

 BMI Percentile 69.9 ±33.1 63.32 ±26.1 0.597

  Underweight, n (%) 0 (0) 2 (5) -

  Normal, n (%) 25 (66) 16 (42) -

  Overweight, n (%) 7 (18) 10 (26) -

 Obese, n (%) 6 (16) 10 (26) -

Characteristics of Cancellous Bone2

 Vertebral Bone Density (mg/cm3) 180.9 ±34.0 172.5 ±26.4 0.230

1
Two-sided independent t-tests or Fisher exact test. Significance set at α<0.05. BMI percentiles compared, category presented descriptively only;

2
As measured with quantitative computed tomography (qCT). See methods for additional details.

BMI= body mass index. ALL=Acute lymphoblastic leukemia.

Bone. Author manuscript; available in PMC 2017 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Orgel et al. Page 16

Table 2
Comparison of ALL tibia sub-cohort at diagnosis to age- and sex- matched healthy 
controls (n=18)

Measures At Diagnosis Mean ±SD Control Subjects Mean ±SD p-value1

Subjects Characteristics

 Age (Years) 14.3 ±2.7 14.0 ±2.4 0.699

 Sex, n(%), Male 9 (50%) 9 (50%) 1.000

 Ethnicity, n(%), Hispanic 15 (83%) 10 (56%) 0.035

 Height (cm) 160.3 ±14.0 159.7 ±153.4 0.899

 Weight (kg) 57.2 ±22.8 57.3 ±17.2 0.995

 BMI Percentile 56.5 ±38.8 60.2 ±32.3 0.756

Characteristics of Cortical Bone3

 Bone Density (mg/cm3) 1,036.7 ±72.3 1,041.0 ±45.9 0.583

 Cortical Area (mm2) 307.7 ±83.5 310.0 ±16.9 0.924

 Medullary Canal Area (mm3) 95.2 ±32.4 95.7 ±26.5 0.958

 Max Cortical Thickness (mm) 10.1 ±2.0 10.4 ±1.9 0.633

 Avg Cortical Thickness (mm) 5.8 ±1.0 5.9 ±0.8 0.755

 Imax (mm4) 19,555 ±10,062 19,584 ±85,136 0.993

 Imin (mm4) 8,959 ±4,459 8,924 ±3,649 0.980

 J (mm4) 28,514 ±14,350 28,509 ±11,940 0.999

 Avg Marrow Density (mg/cm3)4 42.5 ±34.1 -3.7 ±18.5 <0.001

1
Two-sided independent t-tests or Fisher's exact test. Significance set at α<0.05 (bolded);

2
As measured by dual-energy X-ray absorptiometry;

3
As measured with peripheral quantitative computed tomography (pQCT). See methods for additional details;

4
Calculated by imaging software in reference to density of water, a negative value indicates less dense than water (e.g. fat).

BMI = body mass index. Avg= average. I = principal moment of inertia. J = polar moment of inertia. ALL=Acute lymphoblastic leukemia
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Table 3
Changes in Volumetric Bone Mineral Density, Geometry, and Strength during Induction 
by qCT (n=35)

Bone Measures1 Percent Change2 Median (95%CI) At Diagnosis (Mean ±SD) End-Induction (Mean ±SD) p-value3

Cancellous vBMD (mg/cm3)

Vertebrae -26.8 (-34.1,-21.6) 178.5 ±33.1 131.0 ±35.4 <0.001

Cortical vBMD (mg/cm3)

Overall 0.2 (-0.6,1.0) N/A

Tibia 0.0 (-0.7,0.9) 1,036.7 ±72.3 1,037.2 ±69.0 0.860

Femur 0.7 (-0.8, 1.9) 1,199.6 ±36.2 1,205.8 ±42.3 0.290

Cortical Area (mm2)

Overall -0.3 (-0.7,0.2) N/A

Tibia -0.4 (-0.7,-0.1) 307.7 ±83.5 306.4 ±82.9 0.014

Femur 0.1 (-2.1,2.0) 393.67 ±85.9 384.4 ±88.2 0.840

Medullary Canal Area (mm3)

Overall 2.1 (0.6,4.4) N/A

Tibia 1.7 (0.1, 3.6) 95.2 ±32.4 97.1 ±32.8 0.004

Femur 4.4 (-6.5,8.2) 124.0 ±22.3 128.8 ±28.2 0.430

Max Cortical Thickness (mm)

Overall -0.9 (-1.4,-0.1) N/A

Tibia -0.8 (-1.4,-0.1) 10.1 ±2.0 10.0 ±1.9 0.012

Femur -1.2 (-3.4, 0.2) 8.9 ±1.8 8.8 ±1.8 0.420

Avg Cortical Thickness (mm)

Overall -1.1 (-1.5,-0.1) N/A

Tibia -1.2 (-1.5,-0.4) 5.9 ±1.0 5.8 ±1.0 <0.001

Femur -0.3 (-4.2,3.1) 6.4 ±1.1 6.4 ±1.2 0.740

Imax (mm4)

Overall 0.1 (-0.4,0.9) N/A

Tibia 0.5 (-0.4,1.0) 19,555 ±10,062 19,599 ±10,027 0.550

Femur -0.1 (-2.4,1.5) 24,686 ±10,787 24,731 ±10,504 0.860

Imin (mm4)

Overall 0.5 (-0.3,0.9) N/A

Tibia 0.2 (-0.3,0.7) 8,959 ±4,459 8,952 ±4,399 0.850

Femur 2.4 (-0.3,2.9) 16,494 ±6,050 16,913 ±5,888 0.063

J (mm4)

Overall 0.5 (-0.3,0.8) N/A

Tibia 0.3 (-0.4,0.7) 28,514 ±14,350 28,551 ±14,256 0.730
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Bone Measures1 Percent Change2 Median (95%CI) At Diagnosis (Mean ±SD) End-Induction (Mean ±SD) p-value3

Femur 0.6 (-0.8,1.9) 41,181 ±16,472 41,644 ±16,132 0.180

1
qCT as measured mid-shaft at tibia (n=18) and femur (n=17). See methods and supplementary material for additional details.

2
Median percent change calculated from baseline.

3
Two-sided paired t-test comparing at diagnosis versus end induction; significance set at α<0.05 (bolded).

vBMD = volumetric bone mineral density, 95%CI = 95% Confidence Interval. Avg= Average. I = principal moment of inertia. J = polar moment of 
inertia.
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Table 4

Comparison of Percent Change1 from Baseline in Bone Measures by Steroid Type

Bone Measures1 Prednisone Median2 (%) [95%CI] Dexamethasone Median2 (%) [95%CI] p-value3

Cancellous vBMD (mg/cm3) -27.9 [-34.2, -21.7] -21.1 [-38.3, -7.2] 0.283

Cortical vBMD (mg/cm3) 0.2 [-0.7, 1.3] 0.3 [-0.6, 0.9] 0.238

Cortical Area (mm2) -0.3 [-1.0, 0.0] 0.2 [-1.0, 6.2] 0.410

Medullary Canal Area (mm2) 3.1 [0.2, 4.6] 0.6 [-23.9, 4.3] 0.156

Max Cortical Thickness (mm) -0.9 [-1.6, 0.1] -0.5 [-1.1, 0.1] 0.113

Avg Cortical Thickness (mm) -1.3 [-1.6, -0.2] -0.2 [-1.4, 10.8] 0.225

Imax (mm4) -0.1 [-0.5, 0.9] 0.5 [-5.4, 1.3] 0.742

Imin (mm4) 0.4 [-0.3, 1.2] 0.7 [-2.1, 3.4] 0.855

J (mm4) 0.5 [-0.4, 0.8] 0.5 [-2.0, 1.8] 0.643

1
Bone measures presented for combined tibia+femur cohorts. See methods for additional details.

2
Median percent change calculated from baseline

3
Two-sample K-S test; significance set at α<0.05.

vBMD = volumetric bone mineral density, 95%CI = 95% Confidence Interval. Avg= Average. I = moment of inertia. J = polar moment of inertia
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