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Abstract

To render a diagnosis pediatricians rely upon reference standards for bone mineral density or bone

mineral content, which are based on cross-sectional data from a relatively small sample of

children. These standards are unable to adequately represent growth in a diverse pediatric

population. Thus, the goal of this study was to develop sex and site specific standards for BMC

using longitudinal data collected from four international sites in Canada and the United States.

Data from four studies were combined; Saskatchewan Paediatric Bone Mineral Accrual Study

(n=251), UBC Healthy Bones Study (n=382); Penn State Young Women’s Health Study (n=112)

and Stanford’s Bone Mineral Accretion study (n=423). Males and females (8 to 25 years) were

measured for whole body (WB), total proximal femur (PF), femoral neck (FN) and lumbar spine

(LS) BMC (g). Data were analyzed using random effects models. Bland-Altman was used to
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investigate agreement in predicted and actual data. Age, height, weight and ethnicity

independently predicted BMC accrual across sites (P <0.05). Compared to White males, Asian

males had 31.8 (6.8) g less WB BMC accrual; Hispanic 75.4 (28.2) g less BMC accrual; Blacks

82.8 (26.3) g more BMC accrual with confounders of age, height and weight controlled. Similar

findings were found for PF and FN. Female models for all sites were similar with age, height and

weight all independent significant predictors of BMC accrual (P <0.05). We provide a tool to

calculate a child’s BMC Z-score, accounting for age, size, sex and ethnicity. In conclusion, when

interpreting BMC in paediatrics we recommend standards that are sex, age, size and ethnic

specific.
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Introduction

There are many diseases that deleteriously affect bone mass and bone mass accrual during

the growing years [1]. Dual energy x-ray absorptiometry (DXA) is widely available, precise

and safe and has become the preferred clinical instrument to assess bone mass in children

[2]. However, DXA is a planar instrument and provides an areal bone mineral density

(aBMD, g/cm2) that may be influenced by bone size, shape or body habitus [3]. Results may

therefore misrepresent or be especially disadvantageous to healthy children who are late

maturing or less than average height compared to same age peers [4]. To overcome the

inherent size artifact in DXA images, researchers have since developed normative data for

BMC and aBMD adjusted for body size and for estimated volumetric aBMD [3, 5–8].

To render a diagnosis, pediatricians may rely upon reference standards for young adult or

pediatric aBMD or bone mineral content (BMC, g) [1, 3, 5–17]. Although these reference

data address an important need in the clinical community they are based upon; i) cross-

sectional data, ii) longitudinal data treated cross-sectionally [12] or, iii) a relatively small

sample of children in a specific geographic region [9].

The limitations of using cross-sectional data to represent a longitudinal event, the growth of

any tissue including bone, have been discussed at length over many years [18]. Indeed,

longitudinal studies of children clearly demonstrated the wide variability in the pattern,

magnitude and timing of bone mineral accrual in the human skeleton [19]. Comparing

individuals to reference data may also be limited by the sex and/or ethnicity of the sample

and the type of DXA instrument used to acquire the reference data [20]. Thus, to better

represent sex differences [21] and the highly individualized process of maturation it may be

more appropriate to develop normative growth curves from a diverse sample of children

using repeated measurements of BMC across growth [10].

Therefore, our aim was to develop sex and site specific standards for BMC using

longitudinal data collected from four international sites in Canada and the United States.

These standards are unique in that they, i) derive from longitudinal data, ii) were acquired
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from a diverse sample of children aged 8 – 25 years, iii) were developed using multilevel

modeling and, iv) account for ethnicity, age and size.

Materials and Methods

Research design

We undertook a collaborative multi-center project and integrated longitudinal bone mineral

accrual data from four centers in Canada and the United States to create international

standards for bone mineral content (BMC) in males and females aged 8–25 years. Although

all studies were conducted with healthy participants and used Hologic (Hologic, Inc.,

Waltham, MA, USA) bone densitometers, there were differences in recruitment methods,

data collection time frame and sample sizes. We introduce and outline specific methods for

each site below.

1. University of British Columbia (UBC)—The UBC Healthy Bones Study (1999–

2006) 7 year longitudinal study is described in detail elsewhere [22]. In brief, it used a

mixed longitudinal design [23], and recruited 382 girls and boys across four age cohorts (9,

10, 11 and 12 years). Children were all pre-pubertal at baseline and recruited from two

multi-ethnic communities in Vancouver. Forty-four percent of children were Caucasian,

38% were Asian and 18% were from other or mixed ethnic groups. A health history

questionnaire was used to determine each child’s ethnicity based on parents’ or

grandparents’ place of birth. Children were classified as ‘Asian’ if both parents or all 4

grandparents were born in Hong Kong or China, India, Philippines, Vietnam, Korea or

Taiwan or ‘Caucasian’ if both parents or all 4 grandparents were born in North America or

Europe. The relative composition of the ethnic clusters was consistent across the 7 years of

data collection. Children visited the laboratory at UBC every 6 months for the first 3 years

of the study and annually for the next 5 years. The study experienced 39% attrition rate from

1999–2006. The greatest attrition occurred between years 2000 and 2001 where teachers

(rather than children) chose to discontinue their participation. There were no differences in

any baseline measure between children who continued to participate and those who dropped

out of the study. All eligible children were healthy, had no history of chronic disease or

chronic medication use and had no medical conditions, allergies or medications known to

influence bone metabolism or calcium balance. Children with recent fractures and who were

casted at the time of measurement were excluded from the study. Previous history of

fracture was not an exclusion criteria. The UBC Clinical and Behavioural Sciences Research

Ethics Board approved the study. All parents/guardians and children completed and signed

informed consents prior to study participation.

2. University of Saskatchewan (U of S)—The U of S Paediatric Bone Mineral Accrual

Study (1991–1998) has been described in detail elsewhere [19]. In brief, this 7- year study

utilised a mixed longitudinal design [24], and recruited 251 males and females from local

elementary schools across eight age cohorts. Children were prepubertal, pubertal, and post-

pubertal, aged between 8 – 15 years at baseline. The cohorts were all healthy Caucasian

children from middle-income neighbourhoods. Ethnicity was determined based on parents’

place of birth. During the 7 years of data collection the relative composition of the clusters
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remained the same. As there were overlaps in ages between the clusters it was possible to

estimate a consecutive 13-year developmental pattern over the shorter period of 7 years. The

study experienced 39% attrition rate from 1991–1997. There were no differences in any

baseline measure between children who continued to participate and those who dropped out

of the study. Eligible children had no history of chronic disease or chronic medication use;

and no medical conditions, allergies or medications known to influence bone metabolism or

calcium balance. Children with recent fractures and who were casted at the time of

measurement were excluded from the study. Previous history of fracture was not an

exclusion criteria. The study received approval from the University of Saskatchewan

Biomedical Research Ethics Board (Bio # 88-102). Between 1991 and 1993 written

informed consent was obtained from parents of participating children for the whole study.

3. Stanford University Medical Center (Stanford)—The Stanford study has been

described in detail elsewhere [1]. In brief, this 4 year study utilised a mixed longitudinal

design and recruited 423 males and females (aged 9 – 25 years) from the community.

Recruitment occurred between May 1992 and February 1996 and data collection was

completed in February 1997. Subjects were encouraged to return annually and were included

if they had at least four visits or until they had reached age 25 years. Children were from low

to upper-middle income families. The cohort at entry were 24% non-Hispanic whites, 24%

Hispanics, 24% East Asians (Chinese, Japanese), and 27% non-Hispanic blacks; aged 8.8 –

25.9 years [1]. Ethnicity was determined by self-identity of the parents (both had to have the

same self-identity as the child), with mixed race families excluded. Participants were

excluded if they completed fewer than four visits, refused to participate, relocated, or

reached age 25 during the study period. Participants who were recruited late in the study did

not undertake 4 visits prior to the end of the funding period and they were excluded from

analysis. Therefore, 73% of the samples were not included in this analysis. Eligible children

had no history of chronic disease or chronic medication use: and no medical conditions or

medications known to influence bone metabolism. Children with recent fractures and who

were casted at the time of measurement were excluded from the study. Previous history of

fracture was not an exclusion criteria. The study protocol was approved by the Stanford

University Administrative Panel on Human Subjects in Medical Research. Written consent

was obtained from all participants and from the parents of participants who were younger

than age 18 years.

4. Pennsylvania State University Young Women’s Health Study—The Penn State

University (PSU) Young Women’s Health Study (YWHS) has been described in detail

elsewhere [25]. Briefly, the YWHS was a 10 year prospective study that enrolled 112

healthy, premenarcheal females who were aged 11.9 (0.5) years, on average, at baseline

(1990). Participants were Caucasian adolescent females who attended public school in

central Pennsylvania. Participants were excluded if they were not within 80 – 120% of the

ideal weight for height (based on the most recent US National Health and Nutrition

Examination Survey), and not of Northern European descent (determined if all grandparents

were descendants of Northern Europeans). Participants were assessed every 6 months across

years 1–4 and annually across years 6–10. The study experienced 31% attrition rate across

the 10 year study. There were no differences in any baseline measure between girls who
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continued to participate and those who dropped out of the study [26]. Eligible children had

no medical history known to effect bone development and did not have any known disorders

of dietary behaviour. Children with recent fractures and who were casted at the time of

measurement were excluded from the study. Previous history of fracture was not an

exclusion criteria. The study was approved by the PSU College of Medicine Institutional

Review Board. Participants and their parents provided informed consent.

5. All Datasets—In the present analysis we included all participants who were assessed on

at least two measurement occasions with complete data on those occasions. Thus, for our

analysis we included 814 males who were measured on 1944 occasions and 1061 females

who were measured on 3229 occasions.

Descriptive data

Chronological age—Age in years was determined as a decimal age by subtracting date of

birth from the measurement date. In the models age (Agec) was centred around the mid age

of the subjects, 13 years.

Anthropometry—At all sites, standard anthropometric techniques were used to measure

height (to the nearest 0.1cm), and body mass (to the nearest 0.1kg). Participants were

assessed at study entry and reassessed using identical techniques at subsequent follow-up

visits. We created the height by weight index (Weight/height*100) to represent the

interaction between height (Agec*height) and weight (Agec*weight).

Bone Mineral Content measurement

The UBC study assessed BMC (g) at the whole body (WB), lumbar spine (L1–L4; LS),

proximal femur (PF) and femoral neck (FN) using DXA in array mode (Hologic QDR

4500W, Hologic, Inc., Waltham, MA, USA). Trained and qualified technologists conducted

and analyzed all scans using standard procedures (Software version 12.1). Short-term

precision for WB, LS, PF and FN BMC was assessed in-vivo, by measuring healthy young

adults. Coefficients of variation (CV) for BMC at the WB and LS were <0.7% and at the PF

and FN precision ranged from 1.4 to 3.5%. A spine anthropomorphic phantom was scanned

daily to maintain quality assurance of the QDR 4500W.

The U of S study assessed BMC (g) of the WB, LS (L1–L4) and FN using DXA in array

mode (Hologic QDR 2000, Hologic, Inc., Waltham, MA, U.S.A). Trained and qualified

technologists conducted and analyzed all scans using standard procedures. Whole body

scans were analyzed using software version 5.67A, with LS and FN analysed using software

version 4.66A. Short-term precision for WB, LS, PF and FN BMC was assessed in vivo, by

measuring healthy young adults. The CV for BMC at the WB and LS were <0.61%, and at

the FN precision was 0.91%. [27]. Lumbar spine BMC was not measured in the first year

hence there less data for this variable at each chronological and maturity age band. A spine

anthropomorphic phantom was scanned daily to maintain quality assurance of the QDR

2000W.
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The Stanford study assessed BMC (g) for the WB, LS (L2–L4) and PF using DXA using the

pencil beam mode (Hologic QDR 1000W, Hologic Inc., Waltham, MA, USA). One DXA

technologist acquired 95% of the DXA scans and analyzed all scans using software version

6.10. A standardized protocol was used to analyze PF so as to reduce measurement

inconsistencies that may arise from changes in FN geometry during growth [1]. Short-term

precision for WB, LS and FN BMC was assessed in vivo by measuring healthy adolescents

and young adults. The CV for BMC was 0.6% at all skeletal sites. A spine anthropomorphic

phantom was scanned daily to maintain quality assurance of the QDR 1000W.

The Penn State study assessed BMC (g) at the WB, LS (L1–L4) and PF using DXA

(Hologic QDR-2000W, Hologic Inc., Waltham, MA, USA). Whole body scans were

acquired in pencil beam mode in the presence of the manufacturer’s three-step acrylic and

aluminum tissue phantom. Bi-lateral PF and LS scans were acquired in array mode. The

same two clinical research coordinators acquired and analysed all the scans. Whole body

and LS scans were acquired every 6 months from baseline through age 16 years. A proximal

femur protocol was added in the last 6 years of the study. The observed CV assessed in

vitro, was less than 0.7% for the day to day quality control scans. A spine anthropomorphic

phantom was scanned daily to maintain quality assurance of the QDR 2000W.

Precision and cross calibration of DXA instruments

We used the European Spine Phantom (ESP) to compare DXA instruments and to establish

precision across sites. A trained DXA technologist acquired ten repeat measurements,

without repositioning the ESP at each geographical site. All DXA instruments demonstrated

excellent precision within-site with coefficients of variation between 0.32% (PSU) and

0.59% (Stanford). Based on QC data from each site, there was excellent stability over the

study periods. Although all data were collected on Hologic instruments there was a small

(6%) systematic difference in bone outcomes between the Stanford and Hologic instruments

at other sites. To correct for differences between instruments in vivo, the U of S and

Stanford determined precision across different Hologic instruments at their sites. The U of S

compared results obtained from 9 males and 15 females assessed on Hologic 2000 and 4500

instruments. Stanford compared results obtained from 20 males and 20 females assessed on

Hologic 1000 and 4500 instruments. From these data we developed conversion factors so

that all outcomes used for analysis represented Hologic 4500 equivalent values (Table 1).

Each site undertook standard data cleaning and screened for outliers. In addition, one

researcher at UBC (re)examined all scans to identify any discrepancies in scan analyses

between sites. Questionable scans were reanalyzed using standard procedures.

Statistical analysis

We used SPSS software version 15.0 (SPSS Inc.) to generate descriptive data for the whole

sample. We report values as means (SD) unless otherwise noted. For the longitudinal

analyses, we constructed hierarchical (multi-level) random effects models using a multilevel

modeling approach (MlwiN version 1.0, Multi-level Models Project; Institute of Education,

University of London, UK [28, 29]. We previously used multilevel (hierarchical) regression

to develop bone accrual models [30, 31] and described this approach in detail [32]. In brief,

we obtained repeated measures of BMC and other independent variables from within
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individuals (level 1 of the hierarchy) and between individuals (level 2 of the hierarchy).

Specifically, we developed 8 random effects multi-level models to describe these

longitudinal events at the total proximal femur, femoral neck, lumbar spine and whole body

for males and females. The general additive, sex and site-specific random effects multi-level

regression model we used to describe developmental changes in BMC across chronological

ages is described below;-

where: y is the BMC parameter on measurement occasion i in the j-th individual; αj is the

constant for the jth individual; βjxij is the slope of the BMC parameter with centred

chronological age (years) for j-th individual; and k1 to kn are the coefficients of various

explanatory variables (e.g. height, weight and ethnicity) at assessment occasion i in the j-th

individual. These are the fixed parameters in the model. Both μj and εij are random

quantities, whose means are equal to zero; they form the random parameters in the model.

They are assumed to be uncorrelated and follow a normal distribution and thus their

variances can be estimated; μj is the level-2 (between subjects variance) and εij the level-1

residual (within individual variance) for the i-th assessment of lean mass in the j-th

individual. We centered age around the mean age of the sample (Agec), where

Agec=decimal age − 13.00 years. We built models in a stepwise procedure, i.e. predictor

variables (κ-fixed effects) were added one at a time and the log-likelihood ratio statistic was

used to judge improvement of the model [32]. Predictor variables (κ) were accepted as

significant if the estimated mean coefficient was greater than twice the standard error of the

estimate (SEE) i.e. P < 0.05. If the retention criteria were not met we discarded the predictor

variable (shown as non-significant (NS) in Tables 3 and 4). To allow for the non-linearity of

growth, we introduced chronological age centred power functions into the linear models

(agec2, agec3). To allow for maturity-associated changes in proportionality we added

interaction terms: agec*height interaction, agec*weight interaction and weight divided by

height. Ethnicity was added as a dummy variable where Caucasians were the base category

and compared with Asians’, Blacks and Hispanics, respectively.

To determine the accuracy of our BMC prediction equations we applied our prediction

models for BMC to two separate populations; a) a random selection of half of the original

sample and, b) an independent sample of same age children recruited into the UBC Healthy

Bones Study in 2009 (40 males, 10.4 (±0.5) years; and 78 females, 10.4 (±0.6) years; 50%

Caucasian and 50% Asian). The independent sample of children were all prepubertal and

were assessed using the same testing protocol as the original UBC sample. We compared

predicted to actual BMC in the original (Figures 1 and 2) and the independent (Figure 3),

samples using the procedure described by Bland and Altman [33]. Finally, we developed

models using the original data (Tables 3 and 4). We calculated Z-scores for the sample as [Z

=observed BMC − predicted BMC)/BMC standard deviation].

Results

We provide participant descriptives in Table 2.
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Figures 1 and 2 illustrate the outcomes of the Bland-Altman procedure where we compared

predicted with actual values in males and females, from the original cohort, at the four

measured bone sites. We plotted the mean difference between predicted and actual BMC

against the average of the two BMC values. For males’ WB BMC the mean difference

between actual and predicted values was 21.2 g with a standard deviation of 178.6 g. The

mean and standard deviations for PF, FN and LS were 0.26 (4.65) g, 0.07 (0.56) g and −0.39

(7.28) g respectively. For females, the mean difference between actual and predicted WB

BMC was 15.6 g with a standard deviation of 173.4 g. The mean and standard deviations for

PF, FN and LS were −0.41 (3.43) g, −0.19 (0.57) g and 0.34 (6.59) g, respectively.

Figure 3 illustrates the outcomes of the Bland-Altman procedure where we compared

predicted with actual values for males and females using data from an independent sample

of children at the four measured bone sites. We plotted the mean difference between

predicted and actual BMC against the average of the two BMC values. For males’ WB BMC

the mean difference between actual and predicted values was 69.2 g with a standard

deviation of 111.1 g. The mean and standard deviations for PF, FN and LS were 0.66 (3.15)

g, −0.17 (0.43) g and 0.91 (2.86) g respectively. For females, the mean difference between

actual and predicted WB BMC was 60.1 g with a standard deviation of 126.1 g. The mean

and standard deviations for PF, FN and LS were 1.21 (2.49) g, −0.15 (0.35) g and 1.31

(4.06) g, respectively.

We provide site-specific prediction models using all original data at each skeletal site

(Tables 3 and 4). For male’s WB, a 1 year age centred (agec) increment predicted −554.3

(38.6) g of BMC accrual (i.e. at 12 years agec=−1 and predicted +554.3 (38.6) g, 13 years

agec=0 and predicted 0 g, and at 14 years agec=+1 and predicted −554.3 (38.6) g etc), each

cm of height predicted 14.2 (1.4) g of BMC accrual and each kg of weight predicted 31.1

(4.4) g of BMC accrual. We noted significant interactions between agec and height, and

weight and height (P >0.05). On average, Hispanics had 75.5 (28.2) g less BMC accrual

than Caucasians, Asians had 31.8 (6.8) g less BMC accrual than Caucasians and Caucasians

had 82.8 (26.3) g less BMC accrual than Blacks, once agec, height and weight were

controlled. A similar trend emerged with accrual differences noted between Blacks,

Caucasians, Asians and Hispanics in descending order of value at the PF and FN. There

were no differences between ethnicities at the LS. In all models based on random effects at

level 1 (within individuals), BMC increased over time and at level 2 (between individuals)

individuals had significantly different intercepts and slopes (P >0.05) of BMC accrual; the

higher the intercept, the greater the slope (P >0.05). For females, models at the four sites

(Table 4) were similar to those of the males. That is, agec, height and weight were all

significant predictors of BMC accrual (P <0.05), as were the interaction terms (age height

interaction, age weight interaction and weight divided by height). We also noted similar

relationship between ethnicities for females as we did for boys (Table 3 and 4, P <0.05).

Discussion

We developed longitudinal BMC accrual models for WB, LS, PF and FN, derived from a

large (n=5173 observations) national dataset of mixed ethnic samples of children and

adolescents. These models account for sex, age, size and ethnicity and can be used to
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generate a Z-score to identify children with compromised bone health. The Bland and

Altman analysis demonstrated that the models were excellent predictors of BMC as there

was close agreement between the predicted and actual BMC. This close association was

noted in both the international reference sample and in an independent, sample of healthy

children. To our knowledge, our models are unique, and are especially important for

clinicians whose patients may be small for age or as a result of disease and where growth

(but not necessarily bone health) may be affected by a medical condition or a drug therapy.

We used multi-level statistical modeling to generate BMC curves so as to maximize the

value of our longitudinal data. That is, our mixed-effects model allowed us to use data if

they were complete, from all time points regardless of the number of study visits.

Longitudinal data are the best means to capture the nuances of growth and to represent the

substantial differences in the timing and magnitude of BMC accrual over time within and

between the sexes. Although we recognize that physical activity, dietary intake and heredity

may influence BMC accrual, these outcomes were not available across all studies. Thus, we

were unable to include them in our models.

Our models reinforce what other excellent longitudinal studies have reported in smaller or

single ethnicity cohorts [1, 9, 14]. However, our findings extend these models by increasing

the numbers of children utilized to develop the models and by including age, sex, size and

ethnicity in the model. As has been previously reported, BMC increases over time across all

skeletal sites and in both sexes; although individuals had substantially different rates of

BMC accrual [19]. For both males and females at the WB, PF and FN, the most significant

independent predictors of BMC were age, ethnicity, weight and height; the most significant

interaction terms were age/height and weight/height. These models highlight the already

established relationships between age, size and BMC [17]. A novel component of our model

was the ethnic mix that illustrated the difference in BMC accrual across Hispanic, Asian,

Caucasian and Black children (except the lumbar spine) beginning at a young age. Our

findings across ethnicities were consistent with previous cross-sectional and longitudinal

studies [1, 7].

One aim of our study was to provide clinicians (or others) with a simple tool to calculate a

child’s BMC Z-score. By accounting for age, size, sex and ethnicity the likelihood of

misclassifying small (as a function of sex or ethnicity) or later maturing children as being “at

risk” for bone health might be diminished. We also provide this calculation on a website

(http://taurus.usask.ca/growthutility/) so that available clinical data can be entered and a

standard score can be calculated for any child. The derived Z-score will allow the user to

interpret DXA BMC data without the need for more statistical adjustments for bone area,

body size or lean mass [3, 10, 17]. We provide a working example of the Z-score calculation

at the end of the discussion.

Others have alerted clinicians to the many problems related to utilizing DXA to assess bone

mass without correcting for its inherent size artifact [34]. This is especially important when

children’s growth, but not their bone mass is affected by a clinical condition or a medication.

This is also important when a child’s bone mass may be compromised but is masked by

other factors, such as a larger body size. Depending on variables entered into the equation,
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the Z-score indicates BMC that is relative to children the same age, sex, height, weight

and/or ethnicity. We provide prediction equations at 4 anatomical sites so that users have the

opportunity to undertake the calculation most relevant for their patient’s individual

circumstance. We do not suggest that our prediction models be used outside of standard

medical practice that includes a complete medical history and collection of physical activity

and dietary intake data.

We acknowledge that our study has a number of limitations. First, the prediction models we

derived are specific to BMC data collected on Hologic QDR 4500 instruments. That is, only

data acquired with Hologic instruments should be entered into the model. We provide cross-

calibration factors (Table 1) so that data from other Hologic systems can be converted to

Hologic 4500 values. Second, it would be ideal if all study BMC data were collected on the

same generation instrument, calibrated across geographic measurement sites. Indeed, we

accept that adjusting values across instruments is an imperfect science. To minimize error,

we measured a standard calibration phantom across all study sites and conducted a precision

study and standardized BMC values across study sites. Values for all but Stanford were

within close range (Stanford values differed by 6% on average). Third, BMC assessed by

DXA has inherent limitations. DXA provides a planar representation of a structure (bone)

that is growing and developing in three dimensions. It would be useful in future to develop

normative data collected from instruments such as peripheral quantitative computed

tomography (pQCT) and high resolution peripheral quantitative computed tomography (HR-

pQCT). This would provide a better understanding of the role of elements that underpin

bone strength (total bone area and density and cortical and trabecular parameters). Fourth,

we highlight the importance of dietary calcium intake and physical activity for bone accrual.

The potentially significant differences in dietary and physical activity habits within and

between countries should be considered when applying the prediction models across diverse

groups. Fifth, we did not exclude children with a history of previous fracture. However, our

target sites for measurement in this healthy cohort were the proximal femur and lumbar

spine. As proximal femur fractures account for less than 1% of all fractures in children [35],

and the overall incidence of spine fractures in children is 1.5% [36] we would expect these

to be rare events in our cohort. Lastly, although we present BMC data from the largest

cohort to date, our sample size is still relatively small when extrapolating to the larger

population. This applies especially to the relatively small number of Hispanic, Asian and

Black children and adolescents in any age group. However, our longitudinal, repeated

measures design where one participant is measured in some cases over an extended period,

substantially overcomes this limitation. On these two points there probably are significant

differences between the different ethnicities living in North America. These habits may be

even more different in children living in other countries. These aspects must be considered if

this database is to be used also in other countries.

In conclusion, we have developed a useful tool to assess relative bone health (presented as

BMC by DXA) in paediatric populations. Despite the noted limitations of our study, we feel

there is an urgent need for normative bone data adjusted for key variables to overcome the

potential misclassification of both healthy and unhealthy children and adolescents.
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Worked examples (http://taurus.usask.ca/growthutility)

Example 1

An 11.9 years old Caucasian female (born June 5th 1997 and measured on May 5th 2009)

has received long-term steroid medication. Her BMC was assessed using DXA (Hologic

QDR 4500). Her femoral neck BMC was 2.80 g; she was 140 cm tall (5th percentile) and

weighed 35 kg (25th percentile). Order of calculation; 1) calculate age centred; 2) predict

BMC value; 3) determine SD for FN BMC; 4) calculate age and size specific Z-score.

1) Agec = 11.9 years – 13.00 years = −1.1 years.

From Table 4:

2) Predicted FN BMC = (agec*−0.449)+(agec2*0.005)+(agec3*0.00075)+

(height*0.0157)+ (weight*0.083)+(agec*height*0.0039)+(agec*weight*

−0.0019)+ ((weight/height*100)*−0.094)= 2.71 g.

3) FN BMC SD at 11.9 years= (0.161 + (2*(0.018*−1.1)) + (0.0037*(−1.12)0.5 =

0.36 g.

4) To calculate the Z-score = (actual FN BMC − predicted FN BMC)/FN BMC

SD.

Z-score = (2.80 − 2.71)/0.36 = 0.26.

Interpretation: Despite long-term steroid use this girl has a femoral neck BMC that is within

the normal range for girls of the same age, size and ethnicity.

Example 2

An 11.9 years old Caucasian female (born June 5th 1997 and measured on May 5th 2009)

has received long-term medication and treatment for Crohns disease. Her BMC was assessed

using DXA (Hologic QDR 4500). Her femoral neck BMC was 1.89 g; she was 145 cm tall

(25th percentile) and weighed 35 kg (25th percentile). Order of calculation; 1) calculate age

centred; 2) predict BMC value; 3) determine SD for FN BMC; 4) calculate age and size

specific Z-score.

1) Agec = 11.9 years – 13.00 years = −1.1 years.

From Table 4:

2) Predicted FN BMC = (agec*−0.449)+(agec2*0.005)+(agec3*0.00075)+

(height*0.0157)+ (weight*0.083)+(agec*height*0.0039)+(agec*weight*

−0.0019)+ ((weight/height*100)*−0.094)= 2.85 g.

3) FN BMC SD at 11.9 years= (0.161 + (2*(0.018*−1.1)) + (0.0037*(−1.12)0.5 =

0.36 g.

4) To calculate the Z-score = (actual FN BMC − predicted FN BMC)/FN BMC

SD.

Z-score = (1.89 − 2.85)/0.36 = −2.71

Baxter-Jones et al. Page 11

Bone. Author manuscript; available in PMC 2014 August 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://taurus.usask.ca/growthutility


Interpretation: The long-term medication and treatment for Crohns disease in this girl has a

resulted in a femoral neck BMC that is over 2SD below the normal range for girls of the

same age, size and ethnicity. Such a Z-score would warrant further investigation for low

BMC.
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Figure 1.
Bland and Altman procedure showing the agreement between predicted BMC and observed

BMC for all four skeletal sites in males from the original sample; (a) Whole body; (b) Total

proximal femur; (c) Femoral neck; (d) Lumbar spine.
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Figure 2.
Bland and Altman procedure showing the agreement between predicted BMC and observed

BMC for all four skeletal sites in females from the original sample; (a) Whole body; (b)

Total proximal femur; (c) Femoral neck; (d) Lumbar spine.
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Figure 3.
Bland and Altman procedure showing the agreement between predicted BMC and observed

BMC for all four skeletal sites in males (a–d) and females (e–h) from the new sample.
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Table 1

Conversion factors for Hologic 1000 and 2000 to 4500 machines

Variables 4500 = slope ± 2000 4500 = slope ± 1000

Whole Body BMC (g) = 1.019 ± 2000 = 1.053 ± 1000

Proximal femur BMC (g) = 1.063 ± 2000 = 0.989 ± 1000

Femoral Neck BMC (g) = 1.037 ± 2000 = 0.978 ± 1000

Lumber Spine BMC (g) = 1.035 ± 2000 = 0.979 ± 1000

Key: BMC – Bone mineral content; Slope – Slope of the regression of either 1000 or 2000 on 4500.

Bone. Author manuscript; available in PMC 2014 August 14.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript
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Table 2

Participant descriptives, Means (SD)

Males (n = 1944) Females (n = 3229)

Age (years) 13.3 (2.6) 12.58 (2.6)

Height (cm) 155.4 (11.5) 155.1 (15.5)

Weight (kg) 48.5 (13.0) 48.2 (16.0)

Whole body BMC (g) 1686.9 (511.2) 1689.9 (675.1)

Total proximal femur BMC (g) 25.9 (8.6) 29.2 (12.4)

Femoral neck BMC (g) 3.7 (1.0) 4.1 (1.2)

Lumbar spine BMC (g) 42.7 (14.7) 41.4 (19.2)

Ethnicity (W/A/H/B) (%) 25/8/2/2 50/8/2/3

Key: BMC – Bone mineral content; n = number of observation. W – White; A – Asian; H – Hispanic; B – Black.

Bone. Author manuscript; available in PMC 2014 August 14.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Baxter-Jones et al. Page 20

T
ab

le
 3

Se
x-

sp
ec

if
ic

 m
ul

til
ev

el
 r

eg
re

ss
io

n 
m

od
el

s 
fo

r 
bo

ne
 m

in
er

al
 c

on
te

nt
 o

f 
th

e 
(a

) 
W

ho
le

 B
od

y,
 (

b)
 T

ot
al

 P
ro

xi
m

al
 F

em
ur

, (
c)

 F
em

or
al

 N
ec

k 
an

d 
(d

) 
L

um
ba

r

Sp
in

e 
in

 m
al

es

V
ar

ia
bl

es
(a

) 
W

ho
le

 B
od

y
(b

) 
T

ot
al

 P
ro

xi
m

al
 F

em
ur

(c
) 

F
em

or
al

 N
ec

k
(d

) 
L

um
ba

r 
Sp

in
e

F
ix

ed
 E

ff
ec

t
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es

C
on

st
an

t
−

12
71

.1
8(

22
3.

45
)

−
38

.4
1(

5.
69

)
−

4.
19

(0
.3

0)
−

10
8.

41
(3

.9
2)

A
ge

c
−

55
4.

33
(3

8.
65

)
−

10
.5

6(
0.

94
)

−
0.

98
(0

.1
0)

−
33

.7
3(

1.
36

)

A
ge

c2
−

9.
39

(1
.0

2)
−

0.
23

(0
.0

2)
−

0.
02

(0
.0

03
)

−
0.

54
(0

.0
4)

A
ge

c3
0.

44
(0

.1
2)

0.
00

3(
0.

00
3)

0.
00

00
1(

0.
00

04
)

0.
04

(0
.0

05
)

H
ei

gh
t

14
.2

8(
1.

46
)

0.
37

(0
.0

4)
0.

05
(0

.0
02

)
0.

90
(0

.0
3)

W
ei

gh
t

31
.0

6(
4.

39
)

0.
58

(0
.1

1)
0.

01
(0

.0
02

)
0.

04
(0

.0
2)

A
ge

c*
H

ei
gh

t
3.

69
(0

.2
4)

0.
07

(0
.0

06
)

0.
00

6(
0.

00
06

)
0.

21
(0

.0
08

)

A
ge

c*
W

ei
gh

t
N

S
N

S
0.

00
1(

0.
00

05
)

N
S

W
ei

gh
t 

by
 H

ei
gh

t
−

31
.8

3(
6.

82
)

−
0.

72
(0

.1
7)

N
S

N
S

W
hi

te
 v

s 
A

si
an

−
31

.3
6(

9.
97

)
−

0.
70

(0
.2

2)
−

0.
22

(0
.0

3)
N

S

W
hi

te
 v

s 
H

is
pa

ni
c

−
75

.4
9(

28
.2

1)
1.

57
(0

.6
5)

0.
29

(0
.0

9)
N

S

W
hi

te
 v

s 
B

la
ck

82
.8

1(
26

.2
6)

4.
20

(0
.5

8)
0.

63
(0

.0
8)

N
S

R
an

do
m

 E
ff

ec
ts

L
ev

el
 1

L
ev

el
 1

L
ev

el
 1

L
ev

el
 1

C
on

st
an

t
26

40
.6

(1
32

.3
6)

2.
90

(0
.1

4)
0.

03
(0

.0
01

)
2.

84
(0

.1
7)

L
ev

el
 2

L
ev

el
 2

L
ev

el
 2

L
ev

el
 2

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
23

59
4.

47
(1

54
2.

09
)

39
38

.1
3(

37
0.

75
)

14
.3

20
(0

.9
5)

2.
65

6(
0.

23
)

0.
20

6(
0.

01
)

0.
03

(0
.0

02
)

39
.2

9(
2.

97
)

90
16

(0
.8

6)

A
ge

c
39

38
.1

3(
37

0.
75

)
12

64
.6

6(
12

4.
50

)
2.

65
6(

0.
23

)
0.

56
0(

0.
07

)
0.

02
8(

0.
00

2)
0.

00
7(

0.
01

0)
9.

16
(0

.8
6)

2.
97

9(
0.

29
)

Fi
xe

d 
ef

fe
ct

 v
al

ue
s 

ar
e 

E
st

im
at

ed
 M

ea
n 

C
oe

ff
ic

ie
nt

s 
(S

E
E

 -
 S

ta
nd

ar
d 

E
rr

or
 E

st
im

at
e)

; R
an

do
m

 e
ff

ec
ts

 v
al

ue
s 

E
st

im
at

ed
 M

ea
n 

V
ar

ia
nc

e 
(S

E
E

).
 L

ev
el

 1
 –

 w
ith

in
 in

di
vi

du
al

s;
 L

ev
el

 2
 –

 b
et

w
ee

n 
in

di
vi

du
al

s.

A
ge

c 
– 

A
ge

 c
en

tr
ed

 (
A

ge
 –

 1
3 

ye
ar

s)
; A

ge
c2

 –
 A

ge
 c

en
tr

ed
 s

qu
ar

ed
; A

ge
c3

 -
 A

ge
 c

en
tr

ed
 c

ub
ed

; H
ei

gh
t (

cm
);

 W
ei

gh
t (

kg
);

 A
ge

c*
H

ei
gh

t –
 A

ge
c 

m
ul

tip
lie

d 
by

 h
ei

gh
t; 

A
ge

c*
W

ei
gh

t –
 A

ge
c 

m
ul

tip
lie

d 
by

w
ei

gh
t; 

W
ei

gh
t b

y 
he

ig
ht

 −
 W

ei
gh

t/h
ei

gh
t*

10
0;

 W
hi

te
 v

s 
A

si
an

 -
 W

hi
te

 0
, A

si
an

 =
 1

; W
hi

te
 v

s 
H

is
pa

ni
c 

- 
W

hi
te

 0
, H

is
pa

ni
c 

=
 1

; W
hi

te
 v

s 
B

la
ck

 -
 W

hi
te

 0
, B

la
ck

 =
 1

; P
<

 0
.0

5 
(m

ea
n 

>
 2

*S
E

E
).

 N
S 

=
 n

ot
si

gn
if

ic
an

t a
nd

 r
em

ov
ed

 f
ro

m
 th

e 
m

od
el

.

Bone. Author manuscript; available in PMC 2014 August 14.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Baxter-Jones et al. Page 21

T
ab

le
 4

Se
x 

sp
ec

if
ic

 m
ul

til
ev

el
 r

eg
re

ss
io

n 
m

od
el

s 
fo

r 
bo

ne
 m

in
er

al
 c

on
te

nt
 a

t t
he

 (
a)

 W
ho

le
 B

od
y,

 (
b)

 T
ot

al
 P

ro
xi

m
al

 F
em

ur
, (

c)
 F

em
or

al
 N

ec
k 

an
d 

(d
) 

L
um

ba
r

Sp
in

e 
in

 f
em

al
es

V
ar

ia
bl

es
(a

) 
W

ho
le

 B
od

y
(b

) 
T

ot
al

 P
ro

xi
m

al
 F

em
ur

(c
) 

F
em

or
al

 N
ec

k
(d

) 
L

um
ba

r 
Sp

in
e

F
ix

ed
 E

ff
ec

t
E

st
im

at
es

E
st

im
at

es
E

st
im

at
es

E
st

im
at

es

C
on

st
an

t

A
ge

c
−

23
0.

68
(2

2.
59

)
−

2.
45

(0
.5

2)
−

0.
45

(0
.0

7)
−

11
.5

5(
1.

03
)

A
ge

c2
−

1.
48

(0
.5

8)
−

0.
04

(0
.0

1)
−

0.
00

5(
0.

00
2)

−
0.

07
(0

.0
3)

A
ge

c3
−

0.
78

(0
.0

8)
−

0.
00

2(
0.

00
2)

0.
00

08
(0

.0
00

3)
−

0.
02

(0
.0

04
)

H
ei

gh
t

5.
17

(0
.1

3)
0.

12
(0

.0
03

)
0.

02
(0

.0
00

4)
0.

20
(0

.0
06

)

W
ei

gh
t

55
.3

8(
1.

50
)

1.
03

(0
.0

4)
0.

08
(0

.0
05

)
2.

15
(0

.0
7)

A
ge

c*
H

ei
gh

t
2.

09
(0

.1
5)

0.
03

(0
.0

04
)

0.
00

4(
0.

00
04

)
0.

10
(0

.0
1)

A
ge

c*
W

ei
gh

t
−

0.
73

(0
.1

0)
−

0.
02

(0
.0

02
)

−
0.

00
2(

0.
00

03
)

−
0.

03
(0

.0
05

)

W
ei

gh
t 

by
 H

ei
gh

t
−

62
.4

8(
2.

47
)

−
1.

40
(0

.0
64

)
−

0.
09

(0
.0

08
)

−
3.

08
(0

.1
1)

W
hi

te
 v

s 
A

si
an

−
20

.7
4(

9.
97

)
−

1.
22

(0
.2

0)
−

0.
2(

0.
03

)
N

S

W
hi

te
 v

s 
H

is
pa

ni
c

N
S

1.
84

(0
.5

5)
0.

34
(0

.0
7)

N
S

W
hi

te
 v

s 
B

la
ck

18
2.

96
(2

1.
79

)
2.

31
(0

.4
4)

0.
39

(0
.0

6)
N

S

R
an

do
m

 E
ff

ec
ts

L
ev

el
 1

L
ev

el
 1

L
ev

el
 1

L
ev

el
 1

C
on

st
an

t
26

18
.8

2(
90

.9
5)

1.
41

(0
.0

6)
0.

02
5(

0.
00

1)
3.

55
(0

.1
5)

L
ev

el
 2

L
ev

el
 2

L
ev

el
 2

L
ev

el
 2

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
A

ge
c

C
on

st
an

t
23

53
1.

90
(1

20
0.

26
)

25
27

.4
4(

21
0.

47
)

0.
28

(0
.0

3)
1.

40
(0

.1
1)

0.
16

(0
.0

1)
0.

02
(0

.0
02

)
38

.7
3(

2.
20

)
5.

64
(0

.4
5)

A
ge

c
25

27
.4

4(
21

0.
47

)
62

2.
26

(5
3.

83
)

1.
40

(0
.1

1)
10

.2
0(

0.
57

)
0.

02
(0

.0
02

)
0.

00
4(

0.
00

5)
5.

64
(0

.4
5)

1.
28

(0
.1

2)

Fi
xe

d 
ef

fe
ct

 v
al

ue
s 

ar
e 

E
st

im
at

ed
 M

ea
n 

C
oe

ff
ic

ie
nt

s 
(S

E
E

 -
 S

ta
nd

ar
d 

E
rr

or
 E

st
im

at
e)

; R
an

do
m

 e
ff

ec
ts

 v
al

ue
s 

E
st

im
at

ed
 M

ea
n 

V
ar

ia
nc

e 
(S

E
E

).
 L

ev
el

 1
 –

 w
ith

in
 in

di
vi

du
al

s;
 L

ev
el

 2
 –

 b
et

w
ee

n 
in

di
vi

du
al

s.

A
ge

c 
– 

A
ge

 c
en

tr
ed

 (
A

ge
 –

 1
3 

ye
ar

s)
; A

ge
c2

 –
 A

ge
 c

en
tr

ed
 s

qu
ar

ed
; A

ge
c3

 -
 A

ge
 c

en
tr

ed
 c

ub
ed

; H
ei

gh
t (

cm
);

 W
ei

gh
t (

kg
);

 A
ge

c*
H

ei
gh

t –
 A

ge
c 

m
ul

tip
lie

d 
by

 h
ei

gh
t; 

A
ge

c*
W

ei
gh

t –
 A

ge
c 

m
ul

tip
lie

d 
by

w
ei

gh
t; 

W
ei

gh
t b

y 
he

ig
ht

 −
 W

ei
gh

t/h
ei

gh
t*

10
0;

 W
hi

te
 v

s 
A

si
an

 -
 W

hi
te

 0
, A

si
an

 =
 1

; W
hi

te
 v

s 
H

is
pa

ni
c 

- 
W

hi
te

 0
, H

is
pa

ni
c 

=
 1

; W
hi

te
 v

s 
B

la
ck

 -
 W

hi
te

 0
, B

la
ck

 =
 1

; P
<

 0
.0

5 
(m

ea
n 

>
 2

*S
E

E
).

 N
S 

=
 n

ot
si

gn
if

ic
an

t a
nd

 r
em

ov
ed

 f
ro

m
 th

e 
m

od
el

.

Bone. Author manuscript; available in PMC 2014 August 14.


