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Background: Bone mineral content (BMC) and areal-bone mineral density (aBMD) 

measurements of the lumbar spine (LS) and whole body less head (WBLH) by dual energy x-ray 

absorptiometry (DXA) are recommended for bone health assessment in children. Intermachine 

differences were not considered previously in formulating these recommendations.

Methodology: DXA measurements of the LS, WBLH, total hip, femoral neck and distal 1/3 

radius from the Bone Mineral Density in Childhood Study were examined. Healthy children, ages 

6 to 16 years, from five clinical centers participated. The same spine, whole body, and femur 

phantoms were measured on each Center’s DXA machine. Percentage of individuals with low 

BMC or aBMD (Z-score<−1.5) was determined. Clinical center differences were evaluated by 

analysis of covariance adjusting for height and BMI Z-score, calcium intake, physical activity, 

Tanner stage and bone age. Logistic regression assessed odds of low BMC or aBMD across 

clinical centers.

Results: Significant differences among Clinical Centers (p<0.05) were evident in adjusted mean 

BMC and aBMD Z-scores (n=1503) for all skeletal sites. WBLH BMC and aBMD Z-scores had 

the greatest range across centers (−0.13 to 0.24, and −0.17 to 0.56, respectively). The percentage 

of children with Z-scores less than −1.5 varied among Clinical Centers from 1.9 [95%CI 0.8, 4.5] 

to 8.1 [95%CI 5.7, 11.3] for WBLH BMC, 1.1 [95%CI 0.4, 3.5] to 6.3 [95%CI 3.8, 10.1] for 

WBLH aBMD, and from 4.4 [95%CI 2.8, 7.0] to 12.6 [95%CI 9.3, 16.9] for distal 1/3 radius 

aBMD. For each skeletal site except total hip aBMD and femoral neck BMC, at least one center 

had significantly lower odds of low bone density.

Conclusions: By design, our reference ranges capture intermachine variability. Most clinical 

centers don’t know where their machine falls within the range of intermachine variability, and this 

may affect diagnosis of children evaluated for conditions that threaten bone health. Total hip scans 

showed the least, and whole body scans showed the most intermachine variability. Pediatric bone 

health assessment recommendations should recognize intermachine differences and address this 

important issue.
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1. Introduction:

Assessment of areal bone mineral density (aBMD) by dual energy x-ray absorptiometry 

(DXA) is an essential component of bone health evaluation in children with medical 

conditions that threaten bone mineral accrual. DXA is recommended for use in children 

because of the very low radiation exposure, rapid scan times, and wide availability. Current 

DXA technology can accurately measure bone density even in infants and young children. 

The International Society for Clinical Densitometry (ISCD) Pediatric Positions state that the 

preferred skeletal sites for bone health assessment in pediatric patients are the lumbar spine 

(LS) and the whole body less head (WBLH), although alternative skeletal sites can be used 

when these are not feasible[1, 2]. The WBLH and LS skeletal sites were selected as 

preferred sites for several reasons. First, robust reference data are available, which is 

essential for determining age- and sex-specific Z-scores for bone health assessment[3, 4]. 
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Scan precision (i.e., the closeness of two or more measurements to each other) at both 

skeletal sites is excellent, and skeletal landmarks for scan analysis are easily identified.

Other technical issues were not considered in the pediatric recommendations. Routine 

monitoring of DXA equipment is performed by daily scanning of a machine-specific spine 

phantom. The machine-specific spine phantom is also used at the time of equipment repairs 

to confirm proper calibration of the device. However, beyond the use of the spine phantom, 

no standard procedures in clinical practice are in place to assure calibration for other scan 

types. Moreover, intermachine differences in bone mineral content (BMC) and aBMD 

measurements have not been considered previously as a criterion for selecting optimal scan 

sites for bone health assessment in children. It is known that measurements of the same 

individual on different machines yield different results [5], but it is unknown whether these 

differences are consistent across skeletal sites.

To address this knowledge gap we evaluated the magnitude of intermachine differences from 

the multi-center Bone Mineral Density in Childhood Study (BMDCS). The BMDCS 

enrolled healthy children at five clinical centers in the United States. The study generated 

robust reference data for use with Hologic DXA equipment that allow clinicians to 

determine whether aBMD or BMC is appropriate for the child’s age, sex and race[3, 4]. 

Here we compared unadjusted and adjusted BMC and aBMD-Z, as well as risk of having 

“low” BMD-Z across the clinical centers to assess the potential impact of intermachine 

differences on 1) BMC and aBMD Z-score measures and 2) classification of children as 

having low bone density at the lumbar spine, total hip, femoral neck, whole body or forearm. 

We also compared measurements of the same spine, whole body and femur phantoms 

scanned at each clinical center as an independent measure of machine calibration.

2. Sample and Methods:

2.1 Sample and study design

Study participants and the methods for acquiring DXA scans in the BMDCS have been 

described previously[3]. Healthy children (n=1554), ages 6 to 16 years, were enrolled at five 

clinical centers (Children’s Hospital of Los Angeles, Creighton University, Cincinnati 

Children’s Hospital Medical Center, The Children’s Hospital of Philadelphia, Columbia 

University). By design, these five centers were selected to capture geographic variability, 

and the resulting reference ranges did not account for center differences in sample 

characteristics or intermachine differences. Children were evaluated annually for up to seven 

years. An additional cohort of children, 5 and 19 years of age (n=450), were later added to 

the sample, resulting in over 10,000 observations.

For participants less than 18 years of age, a parent/guardian provided written informed 

consent and the participant provided assent. Participants 18 years of age or older provided 

written informed consent. All study protocols and procedures were approved by the 

Institutional Review Board for Human Subjects at each clinical center.

For the purposes of this analysis, only data from the first year of data collection, for 

participants 6 to 16 years of age, were included for the following reasons: first, this approach 
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avoids the non-independence of observations that would result from including multiple 

observations per subject from the longitudinal dataset. Second, it permits comparison with 

the phantom calibration results acquired at study initiation. Observations were restricted to 

individuals who had complete data from the initial study visit for all DXA measurements 

and covariates listed below (n=1503). These observations represent ~15% of the scans used 

to generate the final reference curves.

2.2 Data collection

Data collection included height and weight measurements, dietary calcium intake and 

physical activity by questionnaire, Tanner stage of sexual maturation by exam, and race/

ethnicity by self-report. Bone age was determined from hand-wrist radiographs evaluated by 

a single expert pediatric radiologist and scored using the Greulich and Pyle Atlas[6]. Height, 

weight and BMI (weight/height2) Z-scores were calculated using the CDC 2000 growth 

curves[7]. DXA scans of the whole body, lumbar spine, hip and non-dominant forearm were 

acquired. Four clinical centers used the Hologic 4500A model and one center used the 

Hologic 4500W model (Hologic, Inc, Malborough, MA). All technicians were experienced 

in scan acquisition in children, and followed standard procedures. Scans were analyzed 

centrally (University of California, San Francisco). Age, sex and ancestry-specific reference 

ranges for the LS, total hip, femoral neck, WBLH and distal 1/3 radius from this study have 

been published[4], and were used to calculate BMC and aBMD Z-scores.

2.3 DXA calibration

Intermachine calibration across the five clinical centers was assessed at study onset using a 

single set of phantoms that included the European Spine Phantom (QRM, Moehrendorf, 

Germany)[8], and Hologic femur[9] and whole-body phantoms (Hologic, Inc., Marlborough, 

MA)[10] that were circulated among the clinical centers. Each phantom was scanned 10 

times at each clinical center. Phantom scans were analyzed for aBMD and BMC.

2.3 Statistical analysis

Analysis of Variance (ANOVA) or the Chi2 test (for categorical variables) was used to test 

for mean differences in participant characteristics and BMC and aBMD Z-scores among 

clinical centers. Evidence of intermachine differences was assessed using analysis of 

covariance (ANCOVA) to account for covariates known to be associated with BMC and 

aBMD and that could possibly contribute to bone Z-score differences among clinical 

centers: height Z-score, BMI Z-score, calcium intake, physical activity, Tanner stage and 

bone age. Age, sex, and population ancestry were not included in these models as these 

effects are accounted for in the calculation of BMC and aBMD Z-scores. To examine the 

effect of intermachine differences on identification of individuals with low aBMD, we 

calculated the percentage of participants with BMC or aBMD Z-scores less than −1.5, which 

represents 6.7% of a normal distribution. We chose a cut-off of −1.5 because BMC and 

aBMD reference ranges were established based on this study, so there were very few 

individuals with Z-scores less than −2. We used simple and multivariable logistic regression 

to estimate the odds ratios (OR) and 95% confidence intervals [CI] of having a low BMC or 

aBMD Z-score relative to Center 2. Center 2 was selected because among the four centers 

that used 4500A DXA models, mean Z-scores for this Center were most consistently similar 
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to the reference ranges across multiple skeletal sites. The multivariable logistic regressions 

accounted for the covariates listed above.

3. Results:

Participant characteristics for the overall sample and by clinical center are shown in Table 1. 

There were significant differences among clinical centers in population ancestry, Tanner 

stage, weight, BMI, calcium intake, physical activity, and bone age. There were no 

significant differences among centers for age, sex, weight Z-score, height, height Z-score or 

BMI Z-score. The mean (unadjusted) age-, sex- and race-specific Z-scores differed among 

centers for WBLH BMC and aBMD, and 1/3 radius BMC and aBMD, but not for the other 

bone Z-scores (Figure 1 and supplementary Table).

To further explore clinical center differences in BMC and aBMD Z-scores, we used 

ANCOVA to adjust for potential confounders (height and BMI Z-scores, dietary calcium 

intake, total physical activity, Tanner stage and bone age). The unadjusted and adjusted mean 

Z-scores [95% Confidence Interval] by clinical center are shown in Figure 1 (and 

Supplementary Table). In general, the adjusted mean Z-scores had more narrow confidence 

intervals than the unadjusted Z-scores. Significant differences among centers (p<0.05) were 

noted in adjusted BMC and aBMD Z-scores for all scan sites. The range in adjusted mean 

BMC Z-scores was greater for WBLH (−0.14 to 0.24) and distal 1/3 radius (−0.21 to 0.22) 

compared to spine (−0.13 to 0.03), total hip (0.06 to 0.20) and femoral neck (−0.05 to 0.07). 

The range in adjusted aBMD Z-scores was also larger for WBLH (−0.17 to 0.56) and distal 

1/3 radius (−0.20 to −0.05) compared to spine (−0.15 to 0.06), total hip (−0.04 to 0.10) and 

femoral neck (−0.13 to 0.07). No clinical center was consistently higher or lower for all 

skeletal sites. For example, Center 1 tended to have higher Z-scores compared to other 

clinical centers for distal 1/3 radius BMC and WBLH aBMD and BMC, whereas Center 5 

tended to have higher Z-scores for the total hip and femoral neck. The distribution of Z-

scores, both unadjusted and adjusted for covariates, was significantly different from zero for 

spine BMC for Center 2; for WBLH BMC for Center 1 and 4; for WBLH aBMD for Center 

1, 2, and 4; for total hip BMC at Center 5; distal 1/3 radius BMC for Center 1, 2 and 4; and 

for Distal 1/3 Radius aBMD for Center 5.

The percentage of the sample with an unadjusted Z-score <−1.5 was not significantly 

different among clinical centers for most skeletal sites (Table 2). Significant differences were 

evident for WBLH BMC where percentages ranged from 1.9 [95% CI 0.8, 4.5] to 8.1 [95% 

CI 5.7, 11.3], WBLH aBMD where percentages ranged from 1.1 [95%CI 0.4, 3.5] to 6.3 

[95% CI 3.8, 10.1], femoral neck aBMD where percentages ranged from 2.7 [95% CI 1.4, 

5.4] to 7.8 [95% CI 5.5, 11.0], and distal 1/3 radius aBMD where percentages ranged from 

4.4 [95% CI 2.8, 7.0] to 12.6 [95% CI 9.3, 16.9]. We used logistic regression to adjust for 

covariates to estimate the odds ratios for having a low Z-score (Table 3). Adjusted odds 

ratios were significantly different from from the reference group for at least one clinical 

center for all skeletal sites except for total hip aBMD and femoral neck BMC. Lower odd 

ratios correspond to centers that had a higher adjusted mean Z-score. For example, WBLH 

BMC and aBMD Z-scores generated from scans at Center 1 were significantly less likely to 
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be <−1.5 than the reference group, and spine BMC and aBMD Z-scores from Center 5 were 

significantly less likely to be <−1.5.

BMC and aBMD results from the circulating phantoms are presented in Table 4. The 

differences between the highest and lowest values were smallest for the femur phantom (1.9 

and 2.4% of group mean for total hip BMC and aBMD, respectively) and largest for BMC of 

the whole body phantom (14% of the group mean). Of note, one clinical center had a 4500W 

model whereas the other centers used 4500A models. Whole body scan acquisition with the 

4500W model is different from the 4500A, but the scan acquisition for other skeletal sites is 

the same across models. Excluding the 4500W model, the difference across centers in whole 

body BMC goes from 14% to 3.7%. The inter-site coefficient of variation was 0.9% for total 

hip and 5.8% for whole body BMC when the 4500W was included in the comparison. When 

the 4500W was excluded from this comparison the coefficient of variation was 1.7% for 

whole body BMC and 0.5% for total hip BMC.

4. Discussion

This study demonstrated significant intermachine differences in BMC and aBMD outcomes 

using in vivo (i.e., comparison of cohorts) and in vitro (i.e., comparison of phantoms) 

approaches that are relevant to the assessment and diagnosis of compromised bone health in 

children. The 2007 and 2013 ISCD Pediatric Position consensus statements established 

criteria for the diagnosis of osteoporosis in children, and stated that DXA measurements of 

BMC and/or aBMD are an integral part of pediatric bone health assessment[1, 11]. The 

recommended sites for clinical assessment were the lumbar spine and WBLH, with 

additional sites for consideration under a variety of circumstances[1, 2]. While the ISCD 

recommendations were cautious to note that the diagnosis of osteoporosis in children and 

adolescents should not be made on the basis of densitometric criteria alone, DXA 

measurements are a major contributing factor in diagnosis and are particularly important for 

monitoring treatment and disease effects on bone health. The recommendations also 

emphasized the importance of good scan acquisition technique in children, knowledge of the 

least significant change (LSC), and adequacy of pediatric reference data. An additional 

dimension that was not previously considered is the measurement agreement between DXA 

devices at different skeletal sites, especially with those used to generate reference data. As 

we have shown, differences between DXA devices can impact the identification of low bone 

density in children.

Our analyses from the multi-center BMDCS show significant intermachine variability in 

BMC and aBMD results on Hologic DXA systems, especially for the clinically 

recommended skeletal site of the WBLH. After adjusting for relevant covariates, two out of 

four clinical centers had significantly lower odds of reporting a WBLH BMC Z-score <−1.5. 

For all other scan sites, except the total hip aBMD and femoral neck BMC, at least one 

clinical center had a significantly lower odds of an aBMD Z-score <−1.5. Of note, total hip 

aBMD is recommended as an alternative site by the most recent ISCD Pediatric Positions[2] 

when a spine or total body scan are not feasible, or for continuity in the transition to 

adulthood. Our results suggest that hip scans provide the most consistent results across 

Hologic DXA devices.
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The differences between clinical centers were also apparent from the results of phantom 

scans. Most notably, there were large differences in whole body aBMD across centers. One 

center used a 4500W DXA model, while all others used a 4500A, and this accounts for large 

differences in whole body BMC values across sites. The difference as a percent of the 

overall mean was 14.0% when the 4500W is included, and 3.7% when the values from this 

device were exclude. For whole body phantom aBMD measurements, there was a 5.5% 

difference across clinical centers excluding the 4500W device. The 4500W is a narrow fan 

beam system that takes seven passes to cover the whole body. Each fan pass overlaps the 

neighboring passes. The 4500A is a wide fan beam system that only takes 3 passes to cover 

the whole body without overlap. These differences in scan acquisition likely account for the 

large variance between centers in whole body results.

Other phantom results showed less variability across clinical centers, yet there was still 4% 

or more variability for aBMD at both the spine and the whole body, the clinically 

recommended scan sites for children. Differences between DXA machines are known to 

occur [5]. However, as we show here, this degree of variability is concerning because it may 

result in major differences between centers in the identification of children with low bone 

density. A given child if measured at one facility may be diagnosed with low bone density, 

whereas if measured at another facility, the results may fall into a normal range. For 

example, a 12 year old non-black female with a WBLH BMC of 748 g from one DXA 

device would have a Z-score of −2.0. The same child measured on a device that produces 

results that are 14% higher value (864 g) would have a Z-score of −1.26. These findings 

have implications for diagnosing osteoporosis in children as well as for monitoring BMC 

and aBMD. For example, the European Cystic Fibrosis Society recommends obtaining DXA 

scans every 5 years in patients with an aBMD Z-score ≤−1.0, every 2 years in those with Z-

scores between −1.0 and −2.0, and annually for those patients with Z-scores <−2.0 [12]. 

Thus, even a small difference in aBMD measurement could potentially impact frequency of 

follow-up and medical decision making.

The data used to create the BMDCS pediatric reference curves were not adjusted for clinical 

center differences, with the recognition that some machine variability exists. An individual 

clinical DXA center may not know the degree to which their DXA device deviates from 

those used to generate the reference curves. Indeed, discrepancies in aBMD Z-scores 

generated by different reference data bases have been reported[13, 14] and are most extreme 

for whole body BMD Z-scores[13]. Based on our findings reported here, it is likely that even 

when BMC or aBMD results are compared to reference data acquired on the same DXA 

models, there will be discrepancies due to specific intermachine differences between the 

clinical DXA and the DXA devices used to generate the reference ranges.

Sources of variability in DXA measurements include intermachine differences, within-

scanner precision errors, such as quantum noise, variations in patient positioning, and 

inhomogeneities in soft tissue composition[15]. Dowthwaite et al. [16] compared 

measurements on 130 females ages 8 to 24y obtained on Hologic 4500A and Discovery 

models. They observed a high concordance between measurements from the two scanners, 

but systematic differences were evident. Combined, these findings highlight the pitfall of 

using a measurement cut-off designed to make diagnosis or treatment decisions, especially if 
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based on a single measurement. Disparities in Z-scores generated from different reference 

databases adds to the concern over the use of a measurement cut-off in diagnosis or 

treatment[14, 17]. Examination of trends over time in an individual measured on the same 

DXA machine may be useful, even though Z-score values may be higher or lower than a 

traditional cut-off [18].

As yet, unidentifed sample characteristics may explain the differences we observed between 

clinical centers, despite having controlled for height and BMI Z-scores, calcium intake, 

physical activity, Tanner stage and bone age. Differences in the prevalence of osteoporosis 

and osteopenia in adults were reported for the National Health and Examination Surveys in 

1988–94 vs. 2005–2006. These differences could not be explained by changes in scanners, 

BMI distribution of the samples, or bisphosphonate use[19]. We also observed differences 

between the participants characteristics at our clinical centers in population ancestry, 

indicators of biological maturation (Tanner stage and bone age), weight Z-score and lifestyle 

measures. We adjusted for these factors in the comparisons between centers, yet significant 

center differences remained. The measurement of phantoms avoided these possible sources 

of bias, and demonstrated differences between devices, especially for the whole body DXA 

measures.

Our findings also have implications for research studies of pediatric diseases that do not 

include a control group of otherwise healthy children. In the absence of a control group, 

studies that evaluate disease effects by comparing values for a patient group to published 

reference ranges could potentially lead to erroneous conclusions. Inclusion of a study group 

of healthy children measured on the same device would provide a reference for how the 

device performs relative to the reference ranges, as well as possible regional differences. For 

example, Meeuwes et al reported LS aBMD Z-scores <−2.0 in 33% of females and 47% of 

males with sickle cell disease from a single center [20]. As no control group was enrolled in 

this study, it is unknown whether these results accurately represent the bone health status of 

children with sickle cell disease or are skewed because the DXA machine characteristics 

differ from those of the device(s) used to acquire the specific reference data on which the Z-

scores are based.

Our results further emphasize the importance of acquiring follow-up scans on the same 

device. The least significant change (LSC) between two DXA aBMD measurements on the 

same machine for children and adolescents in this study, calculated from previously reported 

percisions errors, ranged from 2.6% for the spine and total hip aBMD to 4.6% for the 1/3 

radius aBMD. The added intermachine variability in spine and WBLH, raises doubts about 

any meaningful interpretation of change in bone health status if follow-up scans are obtained 

on a different DXA device. The ISCD Adult Position Statement emphasizes that it is not 

possible to quantitatively compare aBMD measurements between facilities without ensuring 

cross-calibration [21]. Our study reiterates this point in a pediatric population.

The ISCD Pediatric Positions recommended acquiring scans of the spine and whole body 

based on the reproducibility of these measurements, the ease of identifying skeletal 

landmarks, and the availability of normative data. In addition to publishing normative 

data[4], we previously reported the coefficient of variation (precision) for the total hip and 
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femoral neck aBMD as 0.85% and 1.29%, respectively[22]. These values are comparable to 

the values obtained for spine and WBLH aBMD (0.85% and 0.95%, respectively), even 

among children in the 6 to 9 year age group. Also, studies have demonstrated the 

responsiveness of the total hip to vitamin D supplementation[23] and weight-bearing 

exercise (see for example and [24]). The consistency in total hip measurements across 

clinical centers provides further evidence that this skeletal site should be considered for bone 

health assessment in children.

The main limitation of this study is that participants were not measured on each of the DXA 

devices to conduct a direct comparison of the machines. We made the assumption that by 

adjusting for covariates, we should have similar average Z-scores at each site. It is possible 

that other sample characteristics not accounted for might contribute to clinical center 

differences. However, we included results from phantoms that were measured on each 

machine to confirm the overall pattern of differences between DXA devices.

Our findings provide crucial evidence for the pediatric clinical care community to consider 

intermachine differences in pediatric recommendations and multi-center studies. Numerous 

sources of variability in DXA measurements should be considered when using a cut-off 

value to categorize low bone density in children. DXA manufacturers need to reduce 

intermachine variability and thereby improve the ability to detect low bone density and 

monitor treatment in children. Our findings also suggest that total hip measurements should 

be considered as a skeletal site for bone health assessment in children due to the consistency 

in measurements across clinical centers.

5. Conclusions:

Significant intermachine variability exists and has the potential to affect diagnosis of 

children being evaluated for conditions that threaten bone health. The implications of our 

findings include: (1) intermachine differences create statistically significant differences 

between centers in the likelihood of being diagnosed with low bone density; (2) multi-center 

studies should assess intermachine differences as part of study design and analysis; (3) 

whole body measurements have the largest and total hip aBMD have the smallest 

intermachine differences; (4) in order to assess the magnitude of deficits when studying 

pediatric disease groups, it is imperative to include a local control group as it is unknown 

how their machine deviates from the reference population; (5) pediatric recommendations 

for scan sites should recognize intermachine differences and make efforts to address this 

important and frequently overlooked issue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Intermachine differences in DXA measurements in children vary according to 

skeletal site

• Whole body measurements showed the greatest and total hip measurements 

showed the least intermachine variation.

• Intermachine variation can have a significant impact on the identification of 

low bone density in children.

• Recommendations for pediatric clinical bone health assessment by DXA 

should consider the effect of intermachine variability at different skeletal 

sites.
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Figure 1. 
Mean [95% CI] BMC and aBMD Z-Scores For Each Clinical Center Unadjusted and 

Adjusted for Covariates [Height Z-score, BMI Z-score, Calcium Intake and Physical 

Activity]
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