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Series Editor’s Introduction

Bone Densitometry in Growing Patients: Guidelines for Clinical Practice,
edited by Drs. Sawyer, Bachrach, and Fung, isamilestone book for all health profes-
sionals concerned with bone health in growing patients. The book introduces and
emphasizes the importance of attending to issues of bone health and development in
childhood and adolescence as a way of maintaining such health and decreasing the
epidemic of osteoporosis that we are now seeing in older adults. In doing so, the
book offers a much-needed first set of standards of bone densitometry in growing
patients. Given the numerous reports of serious interpretation errors in densitometry
results in children, the development of this body of work is truly important.

It isin this context that Bone Densitometry in Growing Patients. Guidelines for
Clinical Practice presents the current evidence, including an assessment of the
strengths and weaknesses in the data on assessing bone density in childhood and
adolescence. In short, the editors and authors have done an outstanding job of orga-
nizing not only the key topics in this broad clinical discussion, but also, and most
importantly, the evidence within these areas.

Neil S. Skolnik, MmD

Associate Director

Family Practice Residency Program

Abington Memorial Hospital

Abington, PA

Professor of Family and Community Medicine
Temple University School of Medicine
Philadelphia, PA






Foreword

In medieval society the idea of childhood did not exist; this is not to suggest that children were
neglected, forsaken or despised. The idea of childhood is not to be confused with affection for chil-
dren; it corresponds to an awareness of the particular nature of childhood, that particular nature
which distinguishes the child from the adult, even the young adult...

—Philippe Ariés (Centuries of Childhood, New Y ork: Vintage, 1962)

Asadensitometrist for some 20 years, | liketo think that | understand bone densi-
tometry and know how to apply it clinically. But to say that children are simply small
adults and to proceed accordingly in applying densitometry would be foolhardy. And
to assume that expertise in adult densitometry automatically confers expertisein pe-
diatric densitometry would be the height of arrogance. And yet, many of us, well-
intended though we may have been, have done just that. But “the particular nature of
childhood,” in this context, the growing bones of a child that are changing in size,
shape, and density, demands approaches to data acquisition, analysis, and interpreta-
tion that are unique and distinct from adult densitometry. Current knowledge, a-
though incomplete, makesiit clear that thisis so. The lower bone densities of a child
demand differencesin the technical aspects of data acquisition and analysis. Consid-
eration must be given to the effects of the changing size and shape of the bone as the
child grows. And the reference databases to which the bone density values are com-
pared and which give those values meaning must be specifically created for the child.

Thereismuch still to be learned in pediatric bone disease and densitometry, just as
thereisin adult bone disease and densitometry. And we all must continueto learn. To
that end, Bone Densitometry in Growing Patients is an invaluable source of current
information in pediatric densitometry as well as a signpost that pediatric densitom-
etry has come of age. It is time for all of us as densitometrists to leave medieval
thinking behind, and recognize that “particular nature of childhood.”

Sydney Lou Bonnick, MD, FACP

Clinical Research Center of North Texas

Denton, TX

Author: Bone Densitometry in Clinical Practice:
Application and Interpretation

and co-author: Bone Densitometry for Technologists,
both from Humana Press, Totowa, NJ
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Preface

Thegoal of Bone Densitometry in Growing Patients: Guidelinesfor Clinical Prac-
ticeisto provide both clinicians and technol ogists with apractical guidefor the use of
densitometry in pediatrics. Theimportance of investigating and improving children’s
bone health has been established, but the toolsto carry out thiswork are still in devel-
opment.

At this time, the most available clinical technique is dual-energy Xx-ray
absorptiometry, commonly referred to as DXA. Despite its limitations, DXA is a
widely used and well-described method of bone health assessment in adult medicine,
and itsuse isrising rapidly in pediatrics. To date, however, no published texts have
adequately addressed the complicated issues encountered when investigating chil-
drenusing DXA. Thislikely reflectsthe complexities of performing DXAsinyounger
patients and thelack of consensus concerning acquisition and interpretation of datain
growing children.

Although much information is still needed to optimize the use of DXA in children,
we are aware that its use is exponentially increasing and that treatment decisions are
often based on the information thus gathered. We therefore felt compelled to merge
all available dataand expert opinion into adocument that will hopefully serve both as
a guidebook for centers employing the technique and as a springboard for future
developmentsin this important field.

Work on this book began at the Second International Conference on Children’s
Bone Health, held in Sheffield, England in 2002. Pediatric bone expertsfrom Europe,
Australia, New Zealand, Canada, South Africa, and the United States met to define
and address controversiesin the acquisition and interpretation of DXA scansin pedi-
atric patients. At subsequent sessions, in conjunction with the American Society for
Bone and Mineral Research in 2003 and 2004 and the Third International Pediatric
Bone Health meeting in 2005, this working group continued its efforts to discuss best
practicesinthefield of pediatric DXA. Asinany field in which research is sparse and
opinions are plentiful, there were invigorating debates and fruitful discussions.

Much time was spent outlining numerous uncertainties, including the optimal
skeletal sitesfor scanning, the analysis, the selection of normative data, and the inter-
pretation of the bone mineral data. Each of these variables can affect the results of a
study and may lead to misinterpretations of results. When the treatments were limited
to optimizing vitamin D and calcium intake and physical activity, the potential for
misinterpretation was an important but lesser concern. However, now bis-
phosphonates and other drugs used to treat osteoporosis in the elderly are being
prescribed increasingly in children, despite alack of data establishing their efficacy
and safety in pediatric patients. Many decisions to start these medications are based

ix



X Preface

on theresults of DXA scans. When therapeutic decisions rely on erroneous informa-
tion, such as the diagnosis of “osteoporosis’ based upon an adult scanning protocol
and normative data (T-scores), there can be serious consequences.

Therefore, although numerous controversies remain, our group of experienced
pediatric bone researchers and clinicians agreed on the need to devel op guidelinesfor
performing and interpreting DXAsin clinical pediatric practice. Our panel of interna-
tional of authors has extensive background in pediatric DXA and has published in
their areas of expertise. Each chapter has been revised in response to reviews by the
editors and an additional panel of four external reviewers to ensure an even broader
scope of expertise. We are extremely grateful to al of the valued authors and review-
ers cited in the Contributors section.

Bone Densitometry in Growing Patients: Guidelines for Clinical Practice is
directed at technologists and clinicians with some prior knowledge of DXA theory
and technique. For those less familiar with DXA, we recommend as valuable
resources the comprehensive texts written by Dr. Syndey L. Bonnick, Bone Densito-
metry in Clinical Practice: Application and Interpretation, Second Edition and Bone
Densitometry for Technologists, Second Edition (Humana Press). Although these
texts focus on DXA procedures in adults, they provide an essential foundation for
work in thisfield.

This text begins with an introduction of general concepts regarding bone health in
children. We have also included a brief overview of al the currently available densi-
tometry techniques used in evaluating children, but we then focus primarily on DXA
because it is the most widely used method for bone density assessment in clinical
practice. Subsequent chapters discusstheindicationsfor DXA studiesin children and
the optimal methods for acquiring, analyzing, interpreting, and reporting these scans.
Current and future research applications of DXA and other modalities for studying
pediatric bone health are also discussed. At the end of each chapter, we have added
Key Points to emphasize the themes discussed. Please remember that these are not
meant to stand alone—they cannot replace a thorough read of the discussion
contained in the text.

Appendiceswere added to serve asa*resource center,” with information including
websites, manufacturer details, and pediatric-specific reference data. The Appendi-
ces also contain sample requisition forms and information sheets for patients, which
have been generously contributed from various existing pediatric DXA centers. We
have included some specific information from the three major DXA manufacturers,
but we have not tried to recreate operator manual's, which must be followed for opti-
mal DXA performance.

Recommendations throughout the book are evidence-based whenever there are
sufficient data to support a conclusion. When conclusive data are lacking, recom-
mendations reflect the consensus opinions of the assembled bone experts who
contributed to this book. For some issues, expert consensus has not been achieved. In
these instances, two or three common practices are described and supported to alow
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you to sel ect an appropriate method for your center. When faced with choosing among
several recommended techniques, it is important to be consistent once a method is
chosen and that it isimperative that the specific method be documented in the patient’ s
report.

Changesin DXA and other densitometry methods are inevitable in coming years,
and other noninvasive modalities are likely to emerge to better predict bone strength.
However, at this time, DXA remains the gold standard in the clinical setting for
assessing bone health in children and adults. Our hope is to optimize the current use
of DXA inchildren asatool in the clinical management of bonefragility. Ultimately,
this may improve the process of identifying and monitoring children at risk for low
bone mass, leading to the development of appropriate intervention and treatment
programs for this population.

Aenor J. Sawyer, MD
Laura K. Bachrach, MmD
Ellen B. Fung, phD, RD
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1 Rationale for Bone Densitometry
in Childhood and Adolescence

Aenor J. Sawyer, MD
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INTRODUCTION

Bone health in children is a rapidly growing area of clinical concern. The recent
interest inthisfield isaresponseto therising incidence of childhood fracturesaswell as
the concept that early bone devel opment could beamaj or determinant of adult osteoporo-
sisand fragility fractures. In the past few years, there has been a marked increasein the
use of bone densitometry in children and adol escents, primarily using dual-energy x-ray
absorptiometry (DXA). Although aval uabletool, theuseof DXA to eval uatechildren has
highlighted itslimitations. By recognizing the shortcomings, yet exploiting the strengths
of DXA, thisnoninvasive, low-risk, readily available tool could aid in identifying chil-
dren at risk for inadequate bone devel opment and monitoring treatment.

Tounderscoretheimportanceof assessing bonehealthinchildren, thischapter reviews
the epidemic of adult osteoporosis and the bone health concerns in pediatrics. Current
conceptsregarding the determinantsand importance of optimal bonemineral acquisition
arediscussed aswell. Finaly, the challenges of measuring bone health in growing patients
are briefly outlined here but are discussed in greater detail in subsequent chapters.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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2 Sawyer et al.

ADULT BONE HEALTH CRISIS

Osteoporosisis aworldwide epidemic, affecting approximately 75 million peoplein
the United States, Europe, and Japan (1). In 2003, Melton et al. estimated the annual
European cost of osteoporoticfracturesat 25billion (2). Itisexpected that approximately
12 million people in the United States over age 50 will be diagnosed with osteoporosis
by the year 2010; currently, more than 1.5 million Americans sustain osteoporotic frac-
tureseachyear (3,4). Anestimated 30-50% of women and 15-30% of menhavealifetime
risk of sustaining afracturerelatedto osteoporosis(5). Inadults, ahistory of prior fracture
is associated with as much as an 86% increased risk of fracture at any site (6).

In 1990, osteoporosis was defined as “a disease characterized by low bone mass,
microarchitectural deterioration of bone tissue, and a consequent increase in fracture
risk” (7). Osteoporosis was redefined in 2000 as “a skeletal disorder characterized by
compromised bone strength, predisposing to an increased risk of fracture” (8), terminol-
ogy that emphasi zestheimportance of factorsin addition to bone massthat contributeto
bone strength.

PEDIATRIC BONE HEALTH CONCERNS

Fracturesin healthy children have often been accepted ascommon childhood injuries,
without concern for underlying health risks, other than child abuse. The incidence and
type of pediatric fracturesvary by gender, age group, and site. Throughout growth, there
isa2.7:1ratioof boystogirlswho sustain afracture(9). Frominfancy to adulthood, there
is an increasing rate of fractures, with a peak incidence during the adolescent growth
spurt. Although theories regarding increased sports participation or high-risk behavior
have been postulated, one possible explanation for this high fracture rate in the
peripubertal periodisthat peak height velocity precedesthe peak vel ocity of bone acqui-
sition by 0.5t0 0.7 yr, as demonstrated by Bailey et a. (Fig. 1[10]).

A growing body of literature on pediatric fractures has raised questions of possible
underlying bone health deficienciesin “normal” children. Epidemiological studiesfrom
the United States and Finland revealed an increasein fractures of 35% in boys and 60%
ingirls(11,12), withsimilar findingsseenin Sweden (13), Australia(14), and Japan (15).
Goulding et al. (16), in New Zealand, showed a lower bone mass in girls with forearm
fractures, indicating that childhood fractures may signal underlying skeletal strength
deficitsin children who, otherwise, have no known illness. Goulding also observed that
girlswho had fractured were heavier and had greater total percent body fat as compared
with controls (17). These findings are of concern given the growing epidemic of child-
hood obesity worldwide.

Frequent or low-traumafractures, long recognizedin pediatric patientswith osteogen-
esisimperfecta, have been reported in association with myriad other chronic childhood
conditions such as rheumatological disorders, inflammatory bowel disease, and child-
hood malignancies. L ow bone massand the occurrence of fracturesin these patients may
be the result of acombination of their underlying systemicillness and adverse effects of
drugs or radiation used to treat them.

As the survival rates of even the most catastrophic pediatric illnesses continue to
improve, we are faced with the long-term effects of these diseases and their treatments
(18). It is critical that the potentially deleterious effects on the skeleton be defined,
monitored, and treated when possible. For example, children with acute lymphoblastic
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Fig.1. Total body peak BM C velocity curveillustrating vel ocity at peak and agesat peak BM C and
peak height velocities by chronological age for boys and girls. (From ref. 10.)

leukemia(ALL), themost common pediatric malignancy, have asixfold greater fracture
risk than controls and a marked decrease in total body bone mineral density (BMD)
during thecourseof chemotherapy. Althoughthesenegative skel etal effectsandincreased
fracture rates persisted for at least 6 mo after cessation of treatment, a |0-yr follow-up
study found improvement of BMD in these patients, with some approximating their
healthy peers(19). Interventionsof nutrition and exercise programsarenow beingimple-
mented with ALL patients, but published results are not yet available.

The prevention of childhood fracturesin healthy and ill childrenisobviously of great
importance. Additionally, an increased focus on acquisition of optimal bone size, geom-
etry, and mass during childhood and adol escence appears to be critical in establishing a
foundation for bone health throughout life.

BONE MINERAL ACCRUAL

Growth curves, which track height and weight, have long been used as an indication
of achild’'s general health. As an analogue to the growth curve, the bone acquisition
curve, asshowninFig. 2 (20), isahel pful framework for understanding changesin bone
mass during growth. In addition to the longitudinal and circumferential enlargement of
developing bone, changes also occur in composition, which allow the skeleton to with-
stand mechanical loads experienced from weight bearing and muscular force.

Heaney et al. (20), inadetailed review article, summarized the patternsof gainin bone
mineral throughout childhood and adol escence. Nonlinear gai nsin bone massthroughout
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1999.)

the first two decades of life are described, with the most rapid rise seen in the four
peripubertal years, specifically between pubertal stages 2 and 4. Before the onset of
puberty, boys and girls develop bone mass at similar rates. Beyond that, however, boys
tend to acquire greater bone mass than girls. Gains in total body bone mineral during
adolescence approximate 30—40% (10,21), twice that which is gained from birth to the
onset of puberty and more than the amount lost in later life (21). The rate of bone
acquisition slows toward the end of puberty, but consolidation of bone continues until
peak bone mass (PBM) is fully achieved, near age 30.

PBM is defined as the total amount of bone tissue amassed by the end of skeletal
maturation (22). Althoughitisestimated that 80-90% of PBM isacquiredinthefirst two
decades of life (21,22), studies on the timing of bone accrual reveal a site-specific phe-
nomenon that varieswith the unit of measurement. Asan example, BMD of the proximal
femur peaks by age 20, whereas total-body bone mineral content (BMC) peaks approxi-
mately 10 years later (21).

IMPORTANCE OF PEAK BONE MASS

Dent, asearly as 1973, described osteoporosis as adisease of adulthood with itsroots
in childhood (23). According to this model, bone mass achieved by early adulthood isa
key determinant of therisk of devel oping osteoporosisand fragility fractureslater inlife
(24). Asillustrated in Fig. 2, ahigher PBM isfelt to confer greater protection against
future fragility fractures (20). Suboptimal PBM isthought to contribute even more than
subsequent bone loss to the lifetime risk of osteoporotic fracture (25).

The risk of adult osteoporosis has been linked to exposure to unfavorable environ-
ments during critical stages of growth and development. Javaid and Cooper (26) have
proposed that maternal factors shaping the in utero environment for the fetus may have
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long-lasting or permanent effects on bone mass, bone size, and body composition during
childhood or adult life. Similarly, childhood and adolescence are critical periods when
diet, activity, and other modifiable variables can influence the growth and strength of
bones. Although far from fully defined, aphenomenon has been described in which bone
mass acquired early in life may track as a child matures (21); prepubertal children with
higher-than-average bone masstypically exhibit higher-than-average bone mass postpu-
berty (27,28), barring any environmental insult.

As stated by Kreipe (29), “the prevention of osteoporosis, often deemed a geriatric
disorder, may now be considered the legitimate domain of pediatricians.” The concept
that bone mineral accrual in childhood determines PBM, which then may predict adult
bone density and strength, remains theoretical due to the lack of requisite but difficult
large-cohort, multidecade longitudinal studies. However, this paradigm may offer a
valuable construct for early intervention or prevention strategies addressing bone health
in children and adults.

DETERMINANTS OF BONE ACQUISITION AND PEAK BONE MASS

Bone mineral accrual and PBM appear to be influenced by many factors, including
genetics, nutrition, mechanical loading, puberty, illness, and certain medications. The
complex positive and negative effects of these variablesindividually and in combination
are beyond the scope of this chapter but have been reviewed by Heaney et al. (20) and
Bonjour et al. (30). Some general concepts are discussed in brief here.

Heritability

An estimated 60—80% of the variability in PBM between individuals has been attrib-
uted to heritable factors, as demonstrated in adult and adolescent twin studies (31-35).
Parent—child studies also reveal a pattern of heritability in bone health. In an observa-
tional study of morethan 400 family participants, therewasa3.8-foldincreaseinason’s
chance of low bone density if hisfather presented with low bone density. The daughter’s
risk was increased 5.1-fold if her mother had low bone density (36).

Although the genes responsible for determining bone size, mineral accrual, and
resorption have not been established with certainty, several candidate genes have been
implicated including the vitamin D receptor polymorphisms, estrogen receptor gene,
Collagen lal gene, transforming growth factor-B1 gene, and apolipoprotein E gene
(37-41), to name afew. The specific mechanisms by which each would affect skeletal
health are still not well defined. There are numerous studies underway using genome
scanning aswell as candidate gene techniquesto better identify geneloci associated with
low bone density or strength, and ultimately, risk of fracture. The genetic potential for
peak mass, however, can only be reached when the modifiable factors that contribute to
bone acquisition are favorable.

Modifiable Risk

Modifiable or environmental factors, such as diet, activity, body composition, and
general health, are thought to explain anywhere from 20 to 40% of the variability seen
in PBM. Defining the contribution of each of these factors is a necessary first step in
designing strategies to optimize bone health. M odifiable influences can also adversely
affect developing bone, as discussed in Chapter 4.
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NUTRITION
CaLcium

Calcium is a key nutrient for skeletal health throughout the life span, allowing for
optimal gainsin bone mass during the growing years and reducing bonelossin later life
(20). For optimal bone health, calcium intake must be sufficient to meet the demands of
bonemineral accrual andto compensatefor lossesin urine, feces, and sweat. Calcium has
been described as a threshold nutrient; skeletal mass increases with increasing calcium
until intake reachesthelevel at which gainsare constant. Although thisconcept iswidely
accepted, the definition of the calcium “threshold” for children of varying agesremains
in dispute (42). Estimates of the requirement for calcium come from studies of calcium
balance, mineral accrual, and fractures. Some of the most revealing data come from
randomized controlled trials of calcium supplementation.

Calcium supplementation in children and adol escents hasresulted in short-term gains
in bone mineral, but the skeletal effects have varied with the amount and source of
calcium supplement, the skeletal region, and the age and maturity of the child (42—46).
Gains are greater at sitesrich in cortical rather than trabecular bone. Benefits may be
greater in pre- or early pubertal children than in later stages of puberty but some studies
have shown abenefitin adolescentsaswell (42,46,47). Physical activity may also modify
the skeletal response to cal cium supplementation, with synergistic gains at weight-bear-
ing sites (47,48). Another key question is the sustainability of benefit from calcium
supplementation. To date, most, but not all studieshavefound that gainsin bonemassare
lost by 2 yr following discontinuation of the supplement (42,49). Further research is
needed to determine optimal calcium intake throughout the growing years and the best
form of supplementation for those children who do not meet these needs through diet
alone. Whether calcium influences bone size or mineral accrual must also be determined
(44). The ultimate goal s are daunting—to test the effects of calcium intake not only on
short-term bone mineral changes, but on PBM and lifetime fracture risk.

PHospHOROUS

Despitethefact that phosphate makesup at |east half of bonemineral mass, it generates
much lessconcernthan calcium. Thisislikely because, asanutrient, itisgenerally found
in adequate amountsin the diet. Therefore, there are greater concernsfor possible over-
exposure from high intakes of soft drinks. Wyshak et al. (50) showed a correlation
between the number of carbonated beverages consumed and theincidence of fracturesin
adolescent girls. Thelink between soft drinksand poor bone healthislikely not theresult
of adverse effects from soda, but from the displacement of milk from diet (51).

ViTamin D

It has long been recognized that vitamin D is essential for efficient absorption of
calcium (52), yet it is not readily available in the diet. Therefore, infants and small
children aretypically supplemented with this micronutrient, whereas older children and
teensarenot. Vitamin D deficiency can result from alack of sun exposure, but also from
low intakesof milk, whichistypically fortified with vitamin D (53). During adolescence,
the period of most rapid bone accrual, calcium absorption needs to be most efficient.
Unfortunately, many teenagers, especially femal es, consume inadequate amounts of milk,
resultingininadequatevitamin D intake, thusdecreased cal cium absorptionandretention
in puberty (54). In children on dairy-restricted regiments such as macrobiotic diets, both
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calciumandvitamin D intakesmay bemarkedly low, leading to reduced boneacquisition
(55). Studies of bone acquisition in relation to vitamin D are few, but Jones and Dwyer
(56) did note a positive effect of winter solar exposure on the bone density of 8-yr-old
Tasmanian children. In adults, it has been shown that low 25(OH)D concentrations
increase parathyroid hormone activity, with a subsequent increase in bone resorption
(57,58), dthough thisislesswell established in children. Combined supplementation of
calcium and vitamin D in postmenopausal women hasapositive effect on BMD (59) and
in elderly women has been shown to decrease hip fracture rates (60).

Severe vitamin D deficiency in children results in nutritional rickets with marked
physeal abnormality and osteomalacia. Thiscondition, rarely seeninNorth America, still
remains a major health problem in developing countries in which vitamin D-fortified
foodsare not available. Milder forms of vitamin D deficiency, which are asymptomatic,
may result in children not meeting their full genetic potential with regardsto PBM.

ProTEIN

Theinfluence of dietary protein on bone health has been reviewed; both deficiencies
and excess may have adverse effectson the skeleton (61). In acohort of 200 adol escents,
apositiveassociation of bone massgain and proteinintakewasnoted in both gendersand
was most notable from prepuberty through midpuberty (62). Children with inadequate
protein and cal oric intake exhibited growth retardation and decreased formation of cor-
tical bone, asreported by Garn (63). Aswith other nutrients, further research is needed
to determine the optimal amounts and form of protein for bone health.

EXxERrcISE

The mechanical loading of bone is a proven stimulus to increased bone size and
density, just as the chronic removal of mechanical stress on bone leads to bone loss
(64,65). In devel oping bones, gainsin BM D over time have been shown to be greater in
children with increased daily physical activity (66). Bailey et al. (10,67) noted greater
bone mass accrual s across puberty in an observational study comparing more active and
lessactiveyouth. Greater bonemineral accrual even during thethird decade can hasbeen
linked to greater physical activity (68). The benefits of activity have also been demon-
strated in side-to-side studies of children and teens engaged in racket sports, with greater
bone size and mass in the playing arm.

The skeletal benefits of activity are perhaps most convincingly shown inintervention
studies, eliminating any selection biasin subjects (69-74). Asmentioned earlier, increas-
ing calcium intake can have synergistic effects with activity on bone health in growing
children (75).

Exercise involving relatively intense loading with impact forces has been shown in
athlete studiesto havethe greatest effect onincreasing bone mass. For example, the bone
massin gymnasts was much higher than would be expected for age (despite amenorrhea
in some) and was greater than that seenin runners, who appear to have greater bone mass
than swimmers (76,77).

Although the benefits of regular exercise, which extend beyond the skeletal system,
are well known, there is an unfortunate pattern of decreasing activity levels as grade
levelsadvance. TheUS Surgeon General’ sreport onphysical activity revealedadramatic
decrease in activity levels at the beginning of adolescence, with girls at more risk for
inactivity during puberty than boys. Approximately half of US youth between the ages
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of 12 and 21 engagein no vigorous physical activity. These numbersare of great concern
in light of the available information regarding the effects of loading or unloading the
skeleton during development (78).

Other important environmental influences that can have profoundly negative effects
ondevel oping bone, such aschronicillnessesimmobility, delayed puberty, malnutrition,
and specific medications, are presented in detail in Chapter 4.

Thisdiscussion of determinantsof bone massillustrates possiblepositiveand negative
influences on children during bone development. With a greater understanding of the
impact of environmental risk factors, as well as the expression of polygenetic determi-
nants of bone development, the opportunity to optimize bone health increases greatly.
Proper measurement techniques for assessing bone characteristicsin children are essen-
tial to evaluate the effects of these and other influences.

THE CHALLENGE OF DIAGNOSIS

DXA in Adults

Inadults, the advent of noninvasive bone densitometry has offered ameanstoidentify
andtreat individual swith bonefragility beforethey fractureand to monitor their response
to therapy with parametersother than fracture. Of the available densitometry techniques,
DXA iscurrently the preferred method for detecting adults at risk for osteoporosis. Its
widespread useasaclinical tool isin part because of itslow radiation exposure, excellent
precision, ease of testing, and affordability.

For postmenopausal women, much work has been done to establish disease severity
thresholds and even fracture risk based on DXA. In this group, fracture risk has been
correlated tolow bone density asmeasured by DXA. TheWorld Health Organization has
developed criteria for the diagnosis of “osteoporosis’ in postmenopausal Caucasian
women based on aBMD that is 2.5 standard deviations or more below the average value
for ayoung adult (i.e., T-score < -2.5).

A significant limitation of DXA isthat whileit usesdensity asasurrogatefor strength,
it doesnot truly measureall parametersof bonethat determinefracturerisk. For example,
thereductioninfractureratesobserved after initiation of bisphosphonatetherapy exceeds
that predicted by gainsin BMD (79-81). This observation illustrates the importance of
factors other than bone mineral that contribute to bone strength. The size, shape, geom-
etry, microarchitecture of bone and the rates of bone turnover areimportant modifiers of
bone strength and fracture risk.

In contrast to that of postmenopausal women, the diagnosis of bone fragility in men,
younger women, and especially children is more complex and controversial (82). The
indications for bone DXA in these patients and the clinical implications of their results
arestill being debated. Expertsinthe bonefield have proposed guidelinesfor testing and
interpreting DXA resultsin men, young women, and children, based on opinion where
datawere lacking (83). Another panel of bone experts have criticized these recommen-
dations, citing the lack of objective datato support the opinions (84). In short, consider-
ablecontroversy surroundstheoptimal approachtoidentify risk for bonefragility in men
and younger individuals.
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DXA in Children and Adolescents

Children present the most challenging popul ation for ng skeletal health, prima-
rily because of the numerous variables of growth. Measurement techniquesin the pedi-
atric settingwouldideally besafe, painless, of short duration, and would provideval uable
information. In comparison with other bone measurement systems, DXA best fits these
criteria. However, there are difficultiesthat are unique to children and adol escents when
using thistool. This discussion serves as avery brief introduction to topics that are the
focus of thistext.

Boneschangein size, shape, and massthroughout thefirst two decades of life, and the
tempo of change varies by skeletal site and individual. M easurements of bone mass by
DXA aretwo-dimensional (i.e., areal) and are strongly influenced by bone size, pubertal
stage, and bone age (85,86). Children with smaller bones may appear to havelow BMD,
and, inserial testing, changesresulting fromincreased bone size can be misconstrued for
increased bone density. For thisreason, areal BMD can be a source of confusion in the
pediatric population, and the concept of volumetric density may be more appropriate.

When using DXA with children, it may bethat different units of measurement will be
more useful than those for adults. For example, BMC and BMD are often used inter-
changeably to denote mass, although they are very different parameters. It appears that
BMC measured by DXA is more sensitive to change in bone acquisition than is areal
BMD, especially in early- and prepubertal children (86).

Another difficulty encountered in the use of DXA is the lack of universal pediatric
reference data for determining normal from abnormal bone mass. Until recently, DXA
software programs automatically generated a T-score, comparing the data of the subject,
regardless of hisor her age, with that of healthy young adults. Thisis an inappropriate
comparison for those under age 20 who have not yet achieved PBM.

Even when comparing children to their age- and gender-matched peers, thereis dif-
ficulty because the tempo of growth, sexual maturation, and bone mineral accrual can
vary among individuals and can be altered by chronic illness. These factors must be
considered as well in determining if bone mineral is“normal.”

The complexity of obtaining and interpreting bone densitometry in children and
adolescents hasled to confusion and misdiagnosesin children. In onerecent study, more
than half of the subjects referred for a evaluation of pediatric “ osteoporosis’ had been
mi sdiagnosed with low bone mass, with the most frequent error resulting from the use of
aT-scorein pediatric patients (87). Asthisis adeveloping field, DXAs are frequently
performed and interpreted by specialists with expertise in adult osteoporosis but with
limited experiencewith pediatric densitometry. Misleading information about bonemass
can result from the use of inappropriate software or improper positioning during acqui-
sition, aswell as from an interpretation of results that does not account for known con-
founding variables.

The consequences of these errors can be costly. Pediatric patients may be inappropri-
ately labeled as “osteoporotic,” producing anxiety in parents and children. Physicians
may respond to these reports by restricting physical activity or by prescribing drugs for
osteoporosisthat are, to date, untested for safety and efficacy in children. In addition, if
the results of these studies are confusing or are thought to be unreliable, the clinicianis
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less likely to initiate skeletal health assessment in children using DXA, missing an
opportunity to identify and correct deficits in developing bone.

SUMMARY

There is an ever-expanding body of knowledge regarding the positive and negative
influenceson devel oping bone. Despitethis, we are observing worrisometrendsin child-
hood such as poor nutrition, sedentary lifestyle, and obesity, all of which are associated
with low bone mass. Beyond that, increasing rates of childhood fractures have been
reported on several continents. In addition, more children are surviving significant ill-
nesses and treatment regiments that can have profound del eterious effects on bone.

Aside from immediate concerns in children, the model of PBM as a determinant of
adult osteoporosisand fragility fractureimpliesthat thefirst two decadesof liferepresent
a“window of opportunity” inwhich toimplement upstream prevention and intervention
strategies that may impart enduring effects on the bone health of an individual.

It follows that this same period represents a “window of vulnerability” and atime
during which increased scrutiny of bone development is essential.

Itisthereforecritical that we expand our ability to measure bone health parametersin
the growing patient, toidentify markers of inadequate gain, and to monitor effectiveness
of interventions. This requires anoninvasive, safe, and available instrument with good
precision, short test time, and useful output. As DXA, even with its limitations, is cur-
rently the best fit for bone health assessment in children, it isimperative that the clinical
utility of DXA be maximized so that we can recognize indications of bone fragility and
identify tragjectories of bone acquisition that may predispose achild to alifetime of poor
bone health.

Development of these guidelinesfor theclinical use of DXA in pediatric patientswill
hopefully improve the quality of densitometry data and reduce the frequency of misdi-
agnosisin the clinical setting while research continues to advance the usefulness of this
and other tools.
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INTRODUCTION

Thischapter providesan overview of thecurrent densitometry techniquesthat are used
in children. The strengths and limitations of each of the techniques are discussed. Dual-
energy x-ray absorptiometry (DXA) is discussed only briefly, as the remainder of this
book concentrates on this technique in detail. Table 1 provides atechnical overview of
costs, uses, precision, and radiation exposure associated with densitometry methods.
Radiation doses associated with other imaging modalities and with natural background
sources are provided for comparison in Table 2.

WHAT ARE WE MEASURING WITH BONE DENSITOMETRY?

Bone densitometry offersatool with which pediatric bone status can be assessed. As
the child grows, the skeleton will increasein size and mineral content and will changein
shape. When interpreting measurements from bone densitometry scanners, it isimpera-
tive that these changesin bone size, shape, and mass are taken into account (20,21). For

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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Table 1

A Technical Overview of Currently Available Bone Densitometry Techniques

Technique Costs? Stes Clinical/research Radiation dose Precision (CV %)
(uSv)
$72-180K Lumbar spine Both 0.4-4 <1
DXA £39-99K Total body Both 0.02-5 1-2
€c59-147K Proximal femur Both 0.15-5.4 (not inc. 0.15-54
Lunar Expert)
AXIAL QCT Scanner (Software) Spine Both 3-D 55 0.8-1.5®
$630-900K ($18-22K) 2-D 50-60
£345-493K (£10-12K) Femur Research 3-D 1020 <10
€516-736 (c15-18K)
Peripheral QCT $45-252K Radius Research < 1.5-4 per scan 0.8-1.5
£25-138K Tibia Research < 1.5-4 per scan 3.6-7.8 for ages 3-5¢
c37-206K 1.3-1.8 for 12-year-olds®
Femur Research 1.2-40)
QuUs $27-36K Calcaneus
£15-20K Phalanges Research None BUA 1.6-5(78
Cc22-29K Radius
Tibia S0S 0.5-1.29-12)
MRI Scanner (Software) Tibia
$1.8-2.7 million ($18-22K) Humerus Research None 0.12-1.02(13)
£1-1.5 million (£10-12K) Femur 0.55-3.63
c1.5-2.2 million (c15-18K)
Radiogrammetry ~ Software M etacarpal Research 0.17 <104
$18-22K
£10-12K
c15-18K

aCalculated from US dollar ($) at conversion rate $1 USD = £0.55 GBP, & 0.82 Euros. These figures are subject to currency fluctuations, and prices are

approximations.

BUA, broadband ultrasonic attenuation; DX A, dual-energy x-ray absorptiometry; MRI, magneticresonanceimaging; QCT, quantitative computed tomography;

QUS, quantitative ultrasound; SOS, speed of sound.
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Table 2
An Overview of Radiation Exposures for Comparison With Bone Densitometry
Techniques
Effective dose (uSv)
Return transatlantic flight(1%) 80
Annual naturally occurring background radiation(16)
North America 3000
United Kingdom 2000
Australia 1500
Hand radiograph(?) 0.17
Chest radiograph(18) 12-20
Planar lumbar spine radiograph(® 700
Radioisotope bone scan(19) 4000

example, changesin bone density over time could reflect changesin bone size, mineral
content, or acombination of these. The quantitative measures that can be obtained from
most densitometry techniquesinclude bonearea(BA; cm?), bonemineral content (BMC; g),

and bone minera density (BMD; g/cm?).

A model based on the biological organization of bone was proposed by Rauch and
Schonau (22) to help in understanding and interpreting the measurements obtained from
bone densitometry and to relate these changes to the physiological changes that occur

during bone development (see Fig. 1). The model describes separate definitions for the

material, compartment, and total densities of bone, and each of these will be discussed

briefly:

1. Material mineral density. Thisreflects the degree of mineralization of the organic bone

matrix. Material density can be determined only within a very small volume occupied
only by bone matrix, exclusive of marrow spaces, osteonal canals, lacunae, and canali-
culi. The resolution required to measure BMD 4z 1S NOt possible with current
noninvasive densitometric techniques; BMD4eia Can be determined from specimens
taken at bone biopsy, an invasive procedure. These specimens can be analyzed by min-
eral/ash weight, contact radiography, backscatter electron microscopy, or laser-ablated
mass spectrometry. Measurement of BM D 4eia 1S NOt routinely assessed in clinical
practice.

. Compartment mineral density. The BMDcompartment 1S the amount of mineral contained
within thetrabecular or cortical compartments (i.e., the mass of mineral per unit volume
of trabecular or cortical bone). Quantitative computed tomography (QCT) measures
cortical andtrabecular boneseparately, and can therefore measure BM D ¢ompartment i both
types of bone. DXA measurements are a composite of trabecular and cortical bone, and
so thetechniqueis not able to separate the two components at most sites. BM D compartment
can be determined by DXA in skeletal sites such as the diaphyses of the femur and the
radius, both of which are comprised of cortical bone. Radiogrammetry measures the
cortical BMD compartment Of the metacarpals.

. Total mineral density. BM D, is the mineral density of all of the material contained
within the periosteal envelope and articular surfaces. QCT and DXA measure BMD;4.
Calculations are required to estimate bone volume from DXA scans because this tech-
niquemeasuresareal density only. Bonemineral apparent density (BMAD) isanexample
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Fig. 1. A model based on the biological organization of bone proposed by Rauch and Schonau(22)
to helpin understanding and i nterpreting the measurements obtai ned from bone densitometry and
to relate these changes to the physiological changes that occur during bone development. The
model describes separate definitions for the material, compartment, and total densities of bone.

of avolumetric density calculated using BM D, . Thisdensity issometimesinappropri-
ately referred to in the literature as “true bone density.”
Table 3 summarizes which of the aforementioned BMD measurements can be deter-
mined using the densitometry techniques discussed in this chapter; quantitative ultra-
sound (QUS) and magnetic resonance imaging (MRI) do not measure BMD.

DUAL-ENERGY X-RAY ABSORPTIOMETRY

DXA hasbeenavailablesincethelate 1980sand now isused extensively for diagnosis
and monitoring of osteoporosis (23-25). The fundamental principle of DXA isthe mea-
surement of the transmission of x-rays through the body at high and low energies. The
use of two energies allows discrimination between soft tissue and bone; low-energy
photonsareattenuated by soft tissue, and the high-energy photonsby boneand soft tissue.

By subtracting the soft tissue from soft tissue and bone, it is possible to quantify the
amount of bone within the x-ray scan path. Pixel-by-pixel attenuation values are con-
verted to areal BMD (aBMD; g/cm?) by comparison with a bone mineral phantom. In
most clinical and research reports, aBMD is designated simply as BMD. Bone areais
calculated by summing the pixels within the bone edges, as defined by software algo-
rithms. BMC is calculated by multiplying mean aBMD by BA. DXA may be applied to
thewhol e body or to the skeletal regions of interest, for example, the spine, the proximal
femur, and the radius.

DXA isthe most widely available bone densitometry technique for measurement of
bone status in children (26). The advantages and limitations of the technique are dis-
cussed moreextensively in subsequent chapters. Briefly, the advantages of DXA include
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Table 3
A Summary of What Each Technique” Measures in Relation to the Bones’ Biological
Organization (22)

Method BMD pterial BMD conpartment BMDia
Cortical Trabecular

DXA No Yes No Yes

QCT No Yes Yes Yes

Radiogrammetry No Yes No No

aM agnetic resonance imaging and quantitative ultrasound do not measure bone mineral density; they
provide measurement of parameters related to the structure of the bone but not bone mineral density by
definition.

DXA, dual-energy x-ray absorptiometry; QCT, quantitative computed tomography.

rapid scan times, alow ionizing radiation dose, and the availability of pediatric reference
data. Also, thecost of runningaDXA serviceisrelatively inexpensive. DXA can beused
to assess body composition and is currently the only technique that can be applied to the
hip region in children.

Although DXA has many advantages, the limitations of the method must be consid-
ered. BMD measurements provided by DXA are size-dependent because they are based
on two-dimensional (2D) projections of three-dimensional (3D) structures that do not
adjust for the depth of the bone. As a consequence, even if volumetric bone density is
identical intwo children, aBMD will belessinthe smaller child and greater inthelarger
one. Growth between scans should be taken into account when interpreting longitudinal
data. There are several methods to correct DXA datafor size dependence (27-34) , as
discussed further in Chapter 3. DXA measurements are also influenced by changesin
body composition, and due consideration must be given to such changeswhen interpret-
ing data. Overall, DXA remainsthe primary bone densitometry tool for clinical pediatric
bone assessments and an important research tool.

QUANTITATIVE COMPUTED TOMOGRAPHY

Axial Quantitative Computed Tomography

Axial QCT of the spine was first described in the late 1970s (35) and became more
widely used during the 1980s(36). With theintroduction of DXA in 1988, theuseof QCT
declined. However, therehasbeenrenewedinterestin QCT asinvestigatorsrecognizethe
importance of bone sizeand geometry in ng pediatric bone status. QCT isparticu-
larly useful in children becauseit measuresvolumetric density (g/cm3), whichisnot size-
dependent. Recent technical developments(such asspiral and spiral multislicecomputed
tomography [CT]) add to the potential information available from QCT. Use of QCT for
clinical and research purposes will probably increase in the future (37,38).

QCT of thespinerequiresthat the patient lie supine onthe scanner tablewith legsflexed
and supported on a pad to flatten out the natural lumbar lordosis (Fig. 2A). The height of
the scanner table should be kept constant. A bone mineral-equivalent phantom is placed
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under the patient inthe siteto be scanned. A water or soft-ti ssue-equivalent pad should be
placed between the patient and the phantom if thereis asignificant air gap (Fig. 2B).

Theoriginal phantomswerefilled with variable-concentration fluid dipotassium hydro-
gen phosphate (K,HPO,), which enabled the bone region of interest, measured in
Hounsfield units (HU), to be transformed into bone mineral equivalentsin mg/cm?3. The
reliability of fluid phantomsdeclined withtimeasaresult of transpiration of fluidthrough
the Plexiglas material, allowing development of air bubblesin the phantom and causing
alterationsin K,HPO, concentration. Therefore, solid hydroxyapatitephantoms are now
favored.

Some CT manufacturers providetheir own softwareand phantoms(e.g., SiemensAG,
Munich, Germany); alternatively, software and phantoms can be purchased separately
(e.g., fromMindways Softwarelnc., Austin, TX). For comparableresultsin longitudinal
studies, the same phantom (and scanner) should be used. Similarly to DXA instrumen-
tation (39,40), if scannersor phantomsmust be changed during longitudinal studies, then
cross-calibration with patients and a phantom, such as the European Spine Phantom
(ESP) (41) must be performed to make results comparable.

For 2D spine measurements, an initial lateral scan projection radiograph is obtained
(Fig. 2C). A 10-mm section is then performed through the midplane of the vertebrae to
be measured and parallel to the vertebral endplates. The sectionisconfirmedto beinthe
correct planewhen the area of the basivertebral veinisidentified. For 2D QCT in adults,
generally, four vertebrae are scanned (T12-L3 or L1-1L4) to ensure that at least two to
three vertebrae are available for analysis at follow-up scans, should it be necessary to
exclude vertebrae that have fractured between measurements. Because vertebral frac-
tures occur lesscommonly in children, and because theionizing radiation dose should be
minimized, generally, only two adjacent vertebrae (between L1 and L3) are scanned.
Vertebrae should be matched to those scanned in the reference database used because
BMD differsamong vertebrae. If longitudinal studiesareperformed, itisessential to scan
the identical vertebrae examined at baseline.

QCT resultsareexpressed asamean volumetricBMD (vBM D; mg/cm?). Thetrabecular
vBMD, measured by QCT, isacomposite of theamount of boneand marrow per voxel. The
measurement is composite because of the relatively small size of trabeculae compared to
the voxel, resulting in marrow being included in the measurement. Because marrow fat is
limited in children, age-related marrow changes in fat composition should not confound
spina vBMD measurements in children as significantly as they do in adults (42).

Theoriginal body CT scannersused rotate-translatetechnol ogy and permitted only 2D
slicesto be obtained; the procedure took about 15 min. Over the past decade, there have
been steady technical developments in CT with the introduction of continuous spiral
rotation of the x-ray tube and multiple rows of detectors (43). Such developments have
permitted very rapid (i.e., less than a minute) 3D volume scanning. With this type of
scanning, L 1-L 3 are scanned, and the 2D section used for analysis can be sel ected from
this 3D volume of tissue. These developments improve precision (with coefficients of
variation of lessthan 1%) and have advantagesin childrenin that they reduce movement

Fig. 2. (opposite page) (A) Standard position for quantitative computed tomography of the spine;
(B) The Mindways Spine Phantom positioned under apatient with agel bag to eliminate air gaps
between patient and phantom; (C) A lateral scan projection radiograph to locate the centers of the
vertebral bodies, where volumetric trabecular density will be measured.
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artifacts. As quantitative skeletal assessment does not require the optimization of image
quality needed for conventional CT, alow-dose technique can be employed to minimize
the radiation dose (44,45) (Table 1). The results are expressed as standard deviations
(SDs) from the mean for appropriate age-, race-, and sex-matched reference data (i.e., a
Z-score). The most frequently used normative datafor spinal QCT arethose reported by
Gilsanz and colleagues (1,46,47) (Table 4).

QCT offersseveral advantagesasadensitometric technique. Whereas DX A measures
integral (i.e., cortical and trabecular) bone density, QCT provides separate measures of
cortical and trabecular BMD. Astrabecular boneis generally more metabolically active
than cortical bone, trabecular vBMD asmeasured by QCT ismore sensitiveto changein
BMD (65). TheBMD provided isvolumetric and not i nfluenced by bonesize, in contrast
to DXA, which providesan areal density. QCT also providestrue morphometric dimen-
sions of bones and, in the shafts, can measure cross-sectional area of bone, cortical
thicknessand density, and periosteal and endosteal circumference. These parameterscan
be used to cal cul ate estimates of biomechanical bone strength including the stress-strain
index (SSI) and the moment of inertia. QCT also has the potential to be applied to
peripheral skeletal sites, such as the radius, the tibia, and the mid-femur, with lower
associated radiation exposure than spinal QCT (66).

The limitations of QCT include an approximately 10- tol2-fold greater dose of ion-
izing radiation than DXA for spine scans. Accessto QCT may be problematic because
many radiol ogy departmentslack theappropriate phantomsand softwareto performbone
studies. Furthermore, CT equipment is often in great demand for other diagnostic pur-
poses. Currently, there are very few commercial analysis packagesfor QCT that require
little setup (Mindways Software Inc. produces one such package). Therefore, some cen-
ters have resorted to developing their own analysis software (67). As with other bone
densitometry techniques, QCT requires skilled and dedicated technical staff to perform
thescansto optimizeprecision. Finally, therearefewer published pediatricreferencedata
for QCT than for DXA; the most widely used norms were derived from acohort of only
101 children (46).

Peripheral Quantitative Computed Tomography

Peripheral QCT (pQCT) first became commercially availablein the early 1990s (68—
70). The most commonly used pQCT scanner (the XCT 2000, Stratec, Pforzheim, Ger-
many) utilizes the original rotate-trans ate technology, which generates only single 2D
dlices (1-2 mm thick) and requires about 1 min to obtain asingle slice. The first high-
resolution spiral pQCT machine has recently been released (by SCANCO Medical AG,
Basserdorf, Switzerland) and can measure ablock of tissue of 10 mmin depth. However,
its application in pediatric clinical and research studies has not yet been determined.

The sites of measurement are the radius, the tibia, and the femur. For clinical assess-
ment of a child’s bone, the most commonly used siteis the distal 4% of the forearm or
tibialength proximal to the distal growth plate. In children, it isimportant to avoid the
section including the growth plate, which produces falsely high measures as a result of
the zone of provisional calcification.

To locate the appropriate scan slice, a scanogram is performed. For the forearm, the
reference lineis placed bisecting the medial border of the radius (Fig 3Ai); the scanner
automatically moves 4% of theforearm length from thisreferencelocation and performs
thescanintheprescribed site. For thetibia, thereferencelinelocationvariesbut isusually
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An Overview of Reference Data Currently Available With Machines

Table 4

Technique Reference data Source n Agerange (years)
DXA * Hologic(48:4%500b) 218¢, 666, 1444 1-19, 8-17, 3-20
Spine GE L unar(30:51-55) and unpublished >1100 3moto 19
manufacturer data
* Norland(5657 778 2-20
Proximal femur Hologic (492.500) 892, 1047 8-17,5-20
GE Lunar(®951-57) and unpublished >1100 4-27
manufacturer data
 Norland(®6:57) 778 2-20
Total body Hologic(49:59) 977, 1948 8-17, 3-20
GE Lunar(951-55) and unpublished >1100 4-27
manufacturer data
« Norland Argentina(56:57) 778 2-20
QCT Spine » GE CT 9800146 101 2-19
Radius e Stratec X CT-2000(%8) 371 5-18
Tibia * Stratec NIH, to be published N/A N/A
QUS Calcaneus * McCue CUBA 367 6-17
» GE Lunar Achilles(®56.60) 311 6-20
* UBIS 491 6-21
Phalanges » IGEA(6LE2) 1328, 1083 3-17,3-21
Radius, tibia * Sunlight(63) 1095 0-18
Radiogrammetry Metacarpals * Sectra-Pronosco X-Posure—Not currently N/A N/A

available

Note: Databases|isted abovearethose currently provided by the manufacturer; there are many other databases derived from research groupsfor their own ethnic-
and population-specific purposes. In certain cases, use of these may be appropriate, but caution should be taken regarding the machine type and origin of data; in

longitudinal studies, the same database should always be used.
aProvided only with approval by Institutional Review Boards in the United States.
bVersion 12.1 onwards.
‘These data are not gender specific.
dCross calibration performed (64), reference data provided with Mindways ;software for Philips SR4000 and newer generation CT scanners.
DXA, dual-energy x-ray absorptiometry;QCT, quantitative computed tomography; QUS, quantitative ultrasound.
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Fig. 3. Peripheral quantitative computed tomography. The scan siteislocated by a scanogram of
(Ai) thedistal radiusand ulnaand (Aii) the distal tibiaand fibula. Total, cortical and subcortical,
and trabecular volumetric bone mineral densities and areas are measured at the distal site;
examples of scans of (Bi) the distal radius and ulna and (Bii) the distal tibia and fibula are
given.Bone geometry, density, strength, and muscle area are measured at diaphyseal sites using
peripheral quantitative computed tomography. Examples of scans at (Ci) 50% radius and (Cii)
65% tibia are shown. Cortical bone is in black, the pale gray is muscle, and the dark gray is
intramuscular and subcutaneous fat.

placed on the metaphysis; again, the scanner moves to the measurement site from this
point (Fig. 3Aii). Upon closure of the growth plate at skeletal maturity, the distal surface
of the epiphysisisused for placement of thereferenceline. Radial abnormalities such as
Madelung'’s deformity (i.e., dorsolateral distortion of the lower end of the radius) may
cause difficultiesin positioning the reference line. In children treated with bisphospho-
nates, thereferencelinemust be positioned to ensurethat the growth arrest lines (residual
of the provisional zone of calcification) are avoided in the measurement.

Thelow radiation dose of pQCT allowsmultiplesite measurementsto bemade. Often,
research protocolsinclude sectionstaken at 4, 14, 20, 38, and 66% of theleg length and,
in the forearm sections, at 4, 50, and 65% of the forearm length. Multiple site measure-
mentsallow site-specific changesin bone and soft tissue to be studied. The scan time can
take between 2 and 3 min per slice; typically, a single slice is obtained at each site.
Therefore, thetechniqueismore successful inolder children who are ableto remain still
during the relatively long scan procedure.

pQCT offersthe benefits of axial QCT. vBMD ismeasured, and, becauseitisnot size-
dependent, it will not be influenced by the growth of a child. pQCT is able to separate
trabecular from cortical bone. Both trabecul ar and cortical vBM D remain consistent with
agewhenmeasured by pQCT (58,71). Asthetechniqueisonly applicabletothe peripheral
skeleton, these measurements are obtained at much lower cost and radiation exposure
(Table 1) than axial QCT. pQCT also allows assessments of bone geometry, parameters
relatedto bonestrength, and muscl e cross-sectional areas (asurrogatefor musclestrength).
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In order to measure these parameters, the sites of measurement by pQCT are opti-
mized. The 4% site at the distal end of the radius (Fig. 3Bi) or tibia (Fig 3Bii) assesses
total and trabecular vBMD. Inthe mid-diaphyseal portion of thebone, measurementsare
made of cortical vBMD, BA, cortical thickness, periosteal circumference, endosteal
circumference, and muscle cross-sectional area (Fig. 3Ci,ii). Parametersrelated to bone
strength are al so measured at the mid-diaphyseal site; these include the axial moment of
inertia(AMI) and the SSI. The AMI isthedistribution of bone material around the center
of the bone, and the SSI is a combination of the AMI and the vBM D of the cortex; both
parameters relate well to the fracture load (72,73). The study of the adaptation of bone
to loading from muscle is possible using pQCT. By calculating the ratio of bone to
muscle, it is possible to investigate whether the bones have adequately adapted to the
mechanical stresses to which they are exposed (74). Inadequate development of bone
strength can contribute to bone fragility.

Clinical Research Applications of pQCT

pPQCT has been used in pediatric research to assess bone development in healthy
children (4,22,58,75—77) and thoseat risk for poor bonehealth (78-84) Thetechniquehas
also been used to study the effects of exercise and calcium on bone mass and geometry
(85-87) At present, pQCT isused primarily for research, rather than for clinical studies,
for several reasons. There have been challengesin achieving adequate precision, contro-
versiesrel ated to the optimum site of scanning of bonefor pediatric studies, and apaucity
of pediatric reference data. However, amodel for the use of pQCT in the assessment of
clinical conditionshasbeen proposed (74) and could also be applicableto DX A measure-
ments of lean mass and BA or BMC.

QUANTITATIVE ULTRASOUND

Thefirst QUSscanner wasdevel opedin 1984 (88) for theassessment of cal caneal bone
status in adults. The measurements obtained from QUS are based on the attenuation of
the ultrasound beam asit passesthrough the specified region of interest. Most commonly,
the broadband ultrasound attenuation (BUA; dB/MHZz), the speed of sound (SOS; m/s),
or the velocity of sound (VOS; m/s) are measured. These measurements are related to
both BMD and parameters of bone quality and strength.

Themagjority of ultrasound scanners devel oped to date have been designed to transmit
the ultrasound wave through the bone, with areceiver measuring the attenuated wave at
the other side (Fig. 4Ai,ii). However, more recently, atechnique called ultrasound criti-
cal-angle reflectometry, which uses only asingle probe, has been developed (Fig. 4B).
The ultrasonic wave travels along the cortical bone, and the reflected wave is measured
to give avaue for SOS.

Ultrasound may be applied to measure only the peripheral skeleton at sitessuch asthe
calcaneus, the radius, the phalanges, the patella, and the tibia. Axial sites cannot be
measured by QUS because of the large amount of soft tissue and muscle that surround

Fig. 4. (opposite page) Examples of quantitative ultrasound scanners: Ai, Aii, fixed calcaneal
ultrasound scanners; B, critical anglereflectometry method being used with aneonate; Ci, imaging
calcaneal ultrasound device; and Cii, image.
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these sites and impede the ultrasound wave signal. The most commonly measured siteis
the calcaneus because it is rich in metabolically active trabecular bone, has little sur-
rounding soft tissue, andreflectstheeffectsof wei ght bearing ontheskel eton (9,59,60,89).
Ultrasound has been applied in children and neonates, measuring the properties of the
cortical bonein thetibia, the radius, and the phalanges (63,90-92).

QUS does not involve ionizing radiation, an obvious advantage in the assessment of
bone statusin children. The equipment isrelatively small and portable and less costly to
operate than other bone densitometry methods. Like DXA, QUS has proven useful in
predicting osteoporotic fracturein adults. Several studies have shown that QUS param-
eterspredict fracturesof the hip, wrist, or other sitesin women (93-96) and men (93). Its
ability to predict fracture in children has yet to be established (97).

The application of calcaneal ultrasound in children has been problematic for several
reasons. Many of the calcaneal ultrasound scanners have fixed transducers and molded
foot wells that are designed to fit an adult foot. When used to scan the smaller feet of
children, these devices may not allow proper alignment of transducers for capturing the
appropriate region of the heel.

Newer machines have addressed this problem by providing shimsto reposition small
feet inthe heel well or portabl e transducersthat can be applied directly to the heel. Other
ultrasound devices overcome the problem of selecting the appropriate region of interest
by allowing imaging, alteration, and movement of the size of theregion of interest (Fig.
3Ci,ii). The newer devices are more suitable for measurement in pediatrics and measure
the phalanges, the radius, and the tibia.

Todate, theclinical utility of ultrasound in children has not been adequately assessed.
However, it has been used in varying clinical research populations to detect differences
between bone status in children with disease and that in normal children (7,90,91). At
present, QUS should be used as a tool to complement other bone densitometry tech-
niques.

MAGNETIC RESONANCE IMAGING

MRI is the most recently developed technique for skeletal assessment in children.
Quantification of an MRI scan is based on the resonance and relaxation of protonsin
lipids and water; different tissues will have varying quantities of water and lipids, thus
allowing imaging and differentiation of various anatomical structures. In bone, the mar-
row providesthe signal with little contribution from bone; therefore, the image formed
shows marrow as white and bone as black (Fig. 5A,B). In MRI, varying sequences can
beused, butinall (T1- or T2-weighted) scans, bone hasalow or absent signal and muscle
has an intermediate one. In validation studies, bone quantification using MRI has been
shown to correlate well to ash weight and 3D QCT scans (98).

Fig. 5. (opposite page) (A) A sagittal magnetic resonance image (195x195 x 500 um) for assess-
ment of calcaneal trabecular bone structurein a7-yr-old boy; (B) trabecular structure of the distal
radiusacquired ona3T scanner using the Mayo wrist coil; Multiplanar capabilitiesof MRI shown
by (Ci) coronal and (Cii) axial images of the shoulder. Images can also be taken in the sagittal
plane. Bone has no signal (black), muscle has an intermediate signal (dark gray), and fat, ahigh
signal (white). Images are normally taken in the midshaft of the long bones for bone geometry
analysis. A& B Image courtesy of Sharmila Majumdar, Pho and Thomas Link, mp, University of
California San Francisco, San Francisco, CA.
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MRI offers several potential advantages. The technique provides a volumetric mea-
sure of bone without using ionizing radiation. Imaging in multiple anatomical planesis
possiblewithout having to reposition the subject (Fig. 5Ci,ii). Simultaneous scanning of
severa limbs is aso feasible. Similarly to QCT, MRI distinguishes trabecular from
cortical bone compartments and provides measures of bone morphometry, from which
parameters of bone strength can be cal culated. By scanning wholebones, MRI offersthe
possibility to study comprehensively the differential growth patterns of the bones
(99,100). The technique is applicable to both the axial (101) and appendicular skeleton
(13,99-103). Thereareafew limitations of MRI. The equipment isnoisy for the subject,
and scanning can take aslong as 20—30 min with positioning and a scout scan, depending
on theimaging sequence used. Lying inthelong, horizontal gantry of the scanner can be
distressing to claustrophobicindividuals (1-2% of subjects). Keeping childrenstill with-
out sedation may be aproblem. However, in several published research studies, sedation
was not used and the children tolerated the scan process well (100,103,104). The envi-
ronment of the scanner room is not as child-friendly asthat for other densitometry tech-
niques, and parents cannot remain with the child during scanning. Accurate in vivo
measurement of trabecular bone structure (trabecular thicknessis 0.05-0.2 mm) istech-
nically challengingandisstill being devel oped (105-112). Theoptimization of sequence,
field strength, and receiver coilsisimperativefor thequality of imaging required. Todate,
MRI hasbeen used only inresearch protocols; itsapplicability in clinical practice hasyet
to be assessed.

RADIOGRAMMETRY

Radiogrammetry has been used for morethan 40 yr to assess skeletal statusfrom hand
radiographs using various measures of the metacarpal cortex (113-115). The method is
commonly applied to the midpoint of the second metacarpal or to the middle three
metacarpal s of the nondominant hand. M easurements of the total width of aboneandits
medullary width can beused to cal cul atevariousindicesof bonestatussuch asmetacarpal
cortical thickness and index. Measurements by radiogrammetry are most sensitive to
cortical bone changes (i.e., periosteal apposition and endosteal resorption) and provide
information on changes in bone during growth and aging (116,117).

Despite the wide availability and relatively low costs of radiogrammetry, the poor
precision of this method has limited its use asaclinical or research tool (118). Measure-
mentsof cortical thicknessgaveintra- and interobserver errorsof upto 8-10% and 8-11%,
respectively (118). Precision improved during the 1970s with the use of more accurate
measurement tools(119,120). Someinvestigators have found hand radiogrammetry to be
problematic in younger children in whom epiphyseal fusion is less advanced, whereas
others have successfully applied the technique in those over age 5.

The potential value of radiogrammetry for assessing bone status is being considered
with the progression of computer-aided analysis in diagnostic medical imaging, for
example, using active shape or appearance modeling (121,122). Radiogrammetry may
also be valuablein facilitiesin which axial DXA may be limited.

Digital (or computed) x-ray radiogrammetry (DXR) uses computer image processing
to reduce the errorsthat previously limited radiogrammetry by automating the location
and placement of regions of interest for analysis of metacarpals on hand radiographs
(Fig. 6). Inter- and intra-operator errors were considerably reduced to approximately 1%
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Fig. 6. Digital x-ray radiogrammetry of thehand. Thefigureshowsahand radiograph withregions
of interest positioned, from which metacarpal index, bone width, bone mineral density, and cor-
tical thickness can be calculated.

when compared to with manual analysis (123). Using a digitizer further improved the
method’ s sensitivity (124). The active shape models used for the SECTRA X-posure
system were based on adult hand radiographs and therefore may present problems when
used with younger children. However, DXR has been used to investigate differences
among patient groupsand healthy children and al so to study bone devel opment in healthy
children (125-127). The applicability of DXR is currently as aresearch tool.

COMPARISON BETWEEN CENTRAL AND PERIPHERAL
TECHNIQUES

In adults, measurements of bone mass at both axial and peripheral sites have proven
to predict future osteoporotic fracture (128). In older adults, osteoporosisis defined in
terms of bone densitometry asa T-score (i.e., the SD from the mean of ethnic- and sex-
matched peak BM D) of —2.5 or below using axial DXA in thelumbar spineand proximal
femur. The agreement in classification by the various densitometric techniques has been
studied in adults (129-131), and each performs well in differentiating osteoporosis or
osteopeniafrom normal bone status. However, each techniqueidentifiesdifferent people
as osteoporotic or osteopenic; hence, the diagnostic agreement among the methods is
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poor (i.e., ax* scoreof 0.4). Asan exceptiontotherule, several studieshave shown that
the agreement between trabecular vBM D (measured by QCT) and lateral DXA BMD has
ax score of 0.75 (131). The reasons for poor agreement among different bone density
methods and at different sites are likely to include differencesin the ability of the tech-
nique to measure integral or separate cortical and trabecular bone (132,133), differing
patterns of regional boneloss (e.g., in the spine versus the radius), and differential dis-
ease-specific effects on bone. Differencesin scanner technology will also berelevant in
contributing to the poor agreement among methods. Whether BM D ismeasured in adults
or in children, the agreement among different techniquesis|likely to be of similar mag-
nitude (r between 0.4 and 0.9).

Because there may be regional differences in bone mass and strength, selection of
skeletal siteto scanisimportant. For example, in childrenwith juvenileidiopathic arthri-
tis, who are most likely to suffer avertebral crush fracture (134,135), measurement of
spinal trabecular bone should be a priority. Any measurement that does not include the
spineislesslikely to be sensitive to the bone changes that occur. Diagnostic agreement
between axial and peripheral skeletal sitesmay also differ depending onthechild’ sphase
of skeletal development. A large change in DXA spinal BMD with no changein radius
trabecular BMD may be caused by the increase in bone size due to the pubertal growth
spurt rather than being due to the change in volumetric bone mineral density. Therela-
tionship between the peripheral and axial bone densitometry techniquesand fractureshas
not been studied in children.

Several studieshavebeen performed that investigatetheability of peripheral measure-
ment to predict osteoporotic fracture in adults (128,136,137). Site-specific measure-
mentshave provento bethebest predictorsof fracturesat that site; for example, hipBMD
will predict hip fracturebetter thanradial or spinal BM D measurements. However, BMD
measurements by peripheral techniques do predict spine and hip fracture in adults, thus
providing useful information if an axial BMD measurement is not available.

Theforearmisthemost common siteof fracturein children. Goulding et al. (138) have
shown that children who have had fractures generally have lower BMD in the whole
skeleton. Some studies have confirmed an association between low BMD and all upper
limb fractures (139), whereas others have observed reductions in hip and spine but not
whole-body bone measurements in children who have fractured (140,141). In the only
prospective study of childhood fracture to date, low BMD, as measured by axial DXA,
was predictive of the likelihood of achild to refracture within 4 yr of theinitial fracture
date (142). The correlation between BMD and childhood fractures has been reviewed
(143). In young people, lower bone density at the spine or whole body has been linked
tofracturesonly at the forearm but not at other skeletal sites. These findings suggest that
low BMD may be a contributing factor to childhood fracture, just as it is in adults.
However, there are insufficient data to establish a “fracture threshold” in children and
young adults. Furthermore, comparisons among different scanning techniquesfor child-
hood fractures have not yet been made.

* A K scoreisameasurement of agreement between two methodswhen the measurementsare
measured on the same categorical (i.e., 0 or 1) scale. For example, category 1 is Z-score < —2
(osteopenia) and category O is Z-score > —2 (normal). Degree of agreement rangesfrom 0to 1,
with 1 being excellent, 0.8 good, and so forth.
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Table 5

A Summary of the Main Advantages and Limitations of Each of the Bone Measurement Techniques in Children, as Discussed in This Chapter

Technique Advantages Limitations
DXA 1. Rapid scan times 1. Size-dependent measurements
2. Relatively low cost 2. Sensitive to body composition changes
3. High precision 3. Software and reference data changes
4. Availability of pediatric reference data 4. Integral measurement of trabecular and cortical bone
5. Low ionizing radiation dose
6. Clinical applications have been established
7. Can assess body composition
8. Can be used to assess hip region
Axia QCT 1. Size-independent 1. Relatively high-ionizing radiation dose
2. Separate measure of cortical and trabecular bone 2. Relatively high cost
3. Measures bone geometry 3. Access to equipment can be problematic
4. Imaging of trabecular bone structure feasible 4. Operation requires skilled staff
5. Measures muscle and fat 5. Specialist acquisition and analysis software limited
6. Applicable to central and peripheral sites 6. Limited pediatric reference data
Peripheral QCT 1. Same advantages as 1-5 for axial QCT 1. Long scan time
2. Low radiation dose 2. Only applicable to peripheral sites
3. Lower cost than axial QCT
QUS 1. Nonionizing, noninvasive 1. Relatively low precision
2. Portable equipment for community use 2. Scanners are not designed for children
3. Applicable in neonates 3. Only applicable to peripheral sites
4. Low costs 4. Sensitive to scan environment
MRI 1. Nonionizing, noninvasive 1. Noisy
2. Size-independent 2. Long scan time
3. Can image in multiple planes without moving the patient 3. Claustrophobiain some individuals
4. Applicableto axial and peripheral sites 4. Parents cannot be in room with children
5. Measures muscle and fat
Digital radiogrammetry 1. Retrospective analysis 1. Applicable to hand radiographs only
2. Low radiation dose 2. Cortical measurements only
3. Speed
4. Centralized analysis
5. Low costs

6. Widely available

DXA, dual-energy x-ray absorptiometry; QCT, quantitative computed tomography; QUS, quantitative ultrasound; MRI, magnetic resonance imaging.
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SUMMARY

DXA iscurrently the most widely available and acceptable clinical tool for the assess-

ment of bone statusin children. With appropriate use and consideration of itslimitations,
DXA provides valuable information of the bone status of an individual. The following
chapters provide detail sregarding the acquisition, interpretation, and reporting of DXA in
children to provide the best possible clinical service. The other densitometry techniques
discussed in thischapter remain predominantly research tools. However, their usein clini-
cal practiceislikely to increase in the future as a means of assessing bone geometry and
the site-specific effects of diseases. It should be remembered that all bone densitometry
techniques were designed for use in adults; the application and interpretation of all of the
methods described in this chapter are much more difficult in children and adolescents.

10.

11.

SUMMARY POINTS

X-rays have been used in many different imaging modalities, from simple radiographic
imagesto highly sophisticated spiral computer tomography, which can provide2D cross-
sectional and 3D volume images of the body and its organs.

The absorption of x-irradiation by tissues is determined by the energy (or wavelength)
of the radiation and the composition (i.e., electron density and atomic number) of the
tissue through which it passes.

Table 5 summarizes the advantages and limitations of the techniques discussed in this
chapter.

DXA iscurrently the most accepted bone densitometry techniquefor clinical application
in children. Other densitometry techniques discussed in this chapter remain predomi-
nantly research tools.
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Early attemptsat bone densitometry used conventional x-rayswith astep wedge made
from an aluminum or ivory phantom included in thefield of view asameans of calibra-
tion. The bone density was calculated by avisual comparison of the density of the bone
and the known densities of the each of the steps on the phantom.

The next advancement in thefield of bone density was the invention of single-photon
absorptiometry (SPA) by Cameron and Sorenson in 1963 (1). This technique used a
radioactive source of either iodine (1-125) or americium (Am-241), with energies of 27
keV and 60keV, respectively. Thesubject placed hisor her armin awater bathto provide
auniform path length through which the gammarays would pass. This process allowed
thecal cul ation of theamount of bonetissueintheregion scanned by meansof subtraction
of the photons attenuated by the soft tissue from the photons attenuated by bone and soft
tissue. Thistechnique proved to bevery useful intermsof bone quantification, but it was
limited to a peripheral site.

To measure bone density at axial sites (i.e., the spine or hip), in which the soft tissue
isof variablethickness, gammarays of two different energiesare required to distinguish
soft tissue from bone. Dual-photon absorptiometry (DPA) alowed this, providing the
simultaneous transmission of gammarays with photon energies of 44 keV and 100 keV
from gadolinium-153 (2). Estimates of bone and soft tissue were then derived using
algebraic equations.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
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Sincethelate 1980s, the expensive and potentially hazardousradi oactive sourcesused
in both SPA and DPA have been superseded by single x-ray absorptiometry (SXA) (3)
and dual-energy x-ray absorptiometry (DXA). Similarly to DPA, the fundamental prin-
ciple of DXA isthe measurement of the transmission of x-rays, produced from a stable
X-ray source, at high and low energies. The advantages of using x-raysinstead of SPA or
DPA include a shorter acquisition time and improved accuracy and precision asaresult
of theincreased photonflux. mprovementsin precisionand resol ution havebeen coupled
with adecrease in radiation exposure (4). With the increased availability of DXA, there
has been adramatic risein its use in pediatric research and clinical practice (Fig. 1).

PRINCIPLES OF DXA

The x-rays used in diagnostic imaging and densitometry must have sufficient energy
to pass through the body and still be detectable by sensors after passage. X-ray beam
energy isattenuated or reduced with the passage through tissue. The extent of attenuation
varieswiththeenergy of the photonsandthe density and thicknessof thematerial through
which they pass.

Attenuation will follow an exponential pattern often observed in other biological
situations. For monoenergetic radiation (i.e., from photons with the same energy) this
pattern of attenuation can be described using the following formula:

| = lgetM

wherel =measuredintensity of thex-ray; |y=initial intensity of thex-ray beam; u = mass
attenuation coefficient (cm?g™) ; and M = area density (g/cm?)

In other words, for agiven beamintensity level, each tissuewill have aunique attenu-
ation property such that the attenuation is afunction of a constant (i.e., the mass attenu-
ation coefficient) specific to that tissue and the mass of the tissue. Because bone is
surrounded by soft tissue, amore complex model isrequired to be ableto distinguish the
density of the bone from the surrounding tissue.

Thefundamental principle of DXA isthe measurement of transmission of x-rayswith
high- and low-energy photonsthrough the body. The mathematics used to cal cul ate bone
density values can be explained using an exponential equation that assumes the body to
be a two-compartment model consisting of bone mineral and soft tissue. Bone mineral
isaphysically dense material mainly made up of phosphorusand cal cium molecul esthat
have relatively high atomic numbers. Soft tissue is a mixture of muscle, fat, skin, and
water. It has alower physical density and alower effective atomic number because its
main chemical constituentsare hydrogen, carbon, and oxygen. At the same photon energy,
soft tissue and bone will have different mass attenuation coefficients, so the exponential
equation becomes:

| = loexp~(ugMg + usMs)
Where B = bone and S = soft tissue.

For the different x-ray energies, the mass attenuation coefficient will be different,
leading to two equations, one for low-energy photons and one for high-energy photons:

It = 1-gexp(—ug-Mg — us-Mg)
IH = 1Hexp(—ug"Mg — us"Myg)
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Fig. 1. Number of publications on pediatrics and bone mineral density from 1965 to 2005 (using
citations in PubMed).

where L = low-energy photons and H = high-energy photons.
These equations are solved for Mg (i.e., the area density of bone)

MB = Ln(ILo/ IL)—k Ln (|H0/ IH)
utg —kuHg

where k = utg/ uHs.

Theratio k can bederived from the patient measurement by measuring thetransmitted
intensity of the beam at points at which thereisno bone (i.e., at which Mg = 0). Oncethe
ratio k is determined, the equation can be solved to calculate the area bone density, M.

Thebonedensity isdetermined for each point, or each pixel, of the areabeing scanned.
As the source and detector move linearly across the scanned area, a bone profile is
generated on a pixel-by-pixel basis. The bone density image is then made up of many
linear passes.

After acquisition, the machine's software employs an edge-detection algorithm to
evaluatetheboneprofileandtoidentify thepixel sthat represent wheretheboneedgebegins
and ends within the area scanned. The bone density isthen calculated as the average Mg
acrosstheboneprofile(Fig. 2). Fromthe pixel-by-pixel density image, the softwaresums
the number of pixels containing bone to calculate the bone area (BA) that was scanned.
Using the mean bone mineral density (BMD) valueandthe BA, itispossibleto calculate
the actual amount of bone mineral content (BMC) within the image:

BMC (g) = BMD (g/cm?) x BA (cm?)

DXA isaprojectional technique in which three-dimensional objects are analyzed as
two-dimensional. DXA provides an estimate of areal BMD in g/cm?. ThisBMD is not
ameasure of volumetric density (in g/cm3) becauseit provides no information about the
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depth of bone. Giventwo bonesof identical volumetric BMD, the smaller bonewill have
alower areal BMD than the larger one because the influence of bone thickness is not
factored. This would mean that areal BMD in asmall child would be lower than area
BMD in ataller child even if they had identical volumetric bone densities. Numerous
strategieshavebeen proposed to estimate volumetricBMD fromareal BMD results(5,6);
these are described in detail in Chapter 10.

DXA measurements represents the sum of cortical and trabecular bone within the
projected BA, concealing the distinct structural characteristics. Therefore, theinfluence
of disease processes or medications that differentially affect cortical vstrabecular bone
may be obscured or difficult to detect by DXA.

Other potential problems arise when the DXA software is unable to detect the differ-
encebetween boneand soft tissue. Thistypically occursin patientswithundermineralized
bones, as may occur in younger or sicker children. Bone densitometry manufacturers
havetriedtotacklethisissuewiththeintroduction of low-density softwarefor better edge
detection of the bone (7). As detailed under “Limitations of DXA: Bone Detection Algo-
rithms,” it isimportant to recognize the limitations of this software and the potential for
further underestimation of BMD.

DEVELOPMENT

Since theintroduction of clinical DXA, there have been changesin the technique for
acquiring the information required to calculate bone density. New technology has
allowed more stable x-ray unitsto be made and more-sensitive detectorsto be utilized.
However, the most significant change has been the introduction of the fan beam and
narrow fan beam systems.

Pencil Beam vs Fan Beam Scanners

Originally, the scanners used a highly collimated beam of x-raysin conjunction with
sequential detectors or asingle detector that moved in araster pattern (i.e., in aseries of
thin parallel lines) across the patient. This pencil beam system produces the most geo-
metrically correct information, with little or no magnification of the areabeing scanned.

The newer fan beam systems use adlit collimator to generate abeam that divergesin
twodirectionsinconjunctionwithalinear array of solid-statedetectors, so bonemeasure-
mentscan be madewith asingle sweep of thex-ray arm. Thefan beam systemsusehigher
energy photon intensities and a greater photon flux, thus producing a better-resolution
image considerably faster than the older pencil beam machines. The lumbar spine can be
scanned in 30 secondswith thefan beam, as compared with the 3-10 min required for the
pencil beam system.

The trade-off for improved image resolution with the fan beam is a higher radiation
exposure. Additionally, the geometry associated with thistechnique leads to magnifica-
tion of theimage in one direction (8,9). The degree of magnification will depend on the
distance of the bone or tissue away from the source: the closer the body part is to the
source, the greater the magnification.

The most recent advance has been the introduction of the narrow fan beam bone
densitometer. This machine uses a narrow fan beam x-ray source in conjunction with
semiconductor detectors. It scans in arectilinear raster fashion, much like the original
pencil beam machines. However, becausethebeamiswider than the original pencil beam
machine, it can cover the body in a much faster time, typically 30 s. Recent cross-
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Fig. 3. Scanning by (A) pencil beam, (B) fan beam, and (C) narrow fan beam. The path of the x-
ray beams is represented with the arrow.

calibration studies demonstrated no detectable magnification effect between the old-
generation pencil beam scanner and the new narrow fan beam machine (10) (Fig. 3).

Radiation

The amount of radiation exposurein DXA isextremely low compared to many other
X-ray imaging techniques. It has been difficult to directly estimate the degree of risk
associated with these very low levels of radiation except by extrapolation from studies
that involved distinctly higher levels of radiation exposure. Presently, studies have not
been ableto establish alink between health risk and the low level s of radiation exposure
that are typical of DXA. According to the Health Physics Society, the risks of health
effectsfor exposureslessthan 5-10 rem (Roentgen Equivalent Man) “ areeither too small
to be observed or are nonexistent” (11).

Health effects of radiation have been demonstrated at doses above 5-10 rem (greater
than 50,000-100,000 uSv) (11). The principal risk due to radiation is random Xx-ray
interactionswith the body, which can result in carcinogenic or genetic effects. Typically,
carcinogenic effects will not manifest in an individual for several decades following an
exposure (12). Thisisan important consideration when scanning children because they
have alonger amount of time for expression of an effect than adults (12). Because the
magjority of the children scanned will still be fertile, the potential genetic effects of
radiation exposure are a theoretical consideration (13). However, as shown in Table 1,
radiation exposures from DXA are approximately 10,000 times less than the radiation
doses at which health effects occur.

Estimates of risk from radiation exposure are expressed in terms of effective dose, in
units of sieverts or rems, where 1 mrem equals 10 uSv. The effective doseis calculated
from the magnitude of exposure, the type of radiation causing the exposure, the organs



LY

Effective Dose and Entrance Surface Doses for the Commonly Available Bone Densitometers

Table 1

Scan Type
Soine Whole Body
Manufacturer Effective Entrance Effective Entrance
and Instrument Beam type Dose (uSv) Surface Dose Dose (uSv) Surface Dose
(nGy) (uGy)

Hologic QDR Pencil 0.5(14) 6014 4,604 18014
1000 and
QDR 2000
Lunar DPX

series Pencil 0.2(19 10.3(19) 0.2
Norland XR-

46 Pencil 4.7047) 0.2(7)
Norland XR-

26 Pencil 447 0.5(7)
Hologic QDR

2000 Fan 0.4-2.904 57-432(14) 3.604 1104
Hologic
QDR4500

series Fan 8.0(16) 200(16) 102
Lunar Expert Fan 3119 895(15) 502
Lunar Narrow
Prodigy Fan 0.72 372 <1.0? 0.42

Note: effective dose estimations are for adults with functioning reproductive organs.
1 mrem =10 uSv; 1 mrad = 10 uGy.
aManufacturer’ s reported values.
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exposed, and their relative radiosensitivities. The resulting value can be compared to
other scanning techniques (Chapter 2, Table 1), to naturally occurring background radia-
tion (8.6 uSv/day), or to around trip transatlantic flight (80 uSv).

The more commonly cited unit of radiation exposure is the entrance surface dose
(ESD) in units of gray (Gy); 10 uGy = 1 mrad (i.e., 1 Gy = 100 rad). ESD isameasure
of the radiation on the surface of the patient, before it passes through and is absorbed by
the body. It is an easier measure to obtain as it requires only a simple measure of the
X-ray output detected at the skin surface. It will be approximately the same for any
patient scanned at any one exposure level, irrespective of the region scanned. The ESD
will be higher than the effective dose. Although ESD givesthe operator an indication of
theexposurelevels, it doesnot takeinto account the organsbeing exposed and therel ative
radiosensitivities of the irradiated organs.

Table 1 lists both the effective and entrance surface doses of ionizing radiation doses
associ ated with the more commonly used densitometers. Asaresult of limited published
pediatric data, the doses in the table refer to estimates for adults.

In summary, the radiation exposure associated with DXA is acceptable for pediatric
use. However, efforts should always be made to minimize lifetime radiation exposure
through thejudicious selection of patientsand skeletal sitesfor DXA scanning (Chapter 4)
and through optimal densitometry technique (Chapter 5).

PRECISION

The precision of adiagnostic test such as DXA isan indication of the reproducibility
of replicate measurements. Precision determines the certainty about theinitial quantita-
tive measurements as well as the ability to detect small changes with future measure-
ments. The precision of DXA measurements is determined by factors related to the
machine, the software, and the operator. Precision can determined for short-term and
long-term replicate measurements. It is expressed asthe percent coefficient of variation
(%CV) andisthe percentage of variation of themeasurement compared tothemeanvalue
for replicate measurements.

%CV = (Standard Deviation [SD] of the Measurement) x 100
Mean Value of the Measurements

Short-Term Machine Precision

Machine precision is calculated from repeat scanning of a single phantom, without
moving the phantom between scans. Usual protocol for the measurement of machine
precision requires scanning aphantom 10timesonthesameday. For newer DXA models,
the CV for this procedureistypically less than 1%.

Long-Term or Temporal Machine Precision
Long-term precision is measured by repeatedly scanning a phantom daily or weekly
over months to years to monitor any temporal changes in the machine. These measure-
ments can be used to assess the long-term stability of a scanner; because the measure-
ments from a phantom should theoretically be the same each day, any drift or change
would therefore be due to the machine.

CV% = (Standard Error in the Estimate [ SEE]) x 100
Mean Change
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In Vivo Short-Term Precision

Invivo short-term precisioniscal culated by repeated scanning of subjectsaminimum
of two timeson the sameday or within ashort timeinterval. To achieve statistical power,
BMD testing must be done three timesin each of 15 individuals or twicein each of 30
subjects. The standard deviation for each patient is calculated, and then the root mean
square standard deviation for the group is calculated. A good explanation for these
calculations can be found on the website of the International Society for Clinical Densi-
tometry (http://www.iscd.org). Because this procedure requirestwo scans and twicethe
radiation exposure, invivo precisiontesting isconsidered by someto beclinical research.
Regardless of interpretation, all participants should provide written informed consent.

The precision estimatesreflect both machine precision and operator precision. For this
reason, in vivo testing resultsin agreater CV (i.e., lower precision) than machine preci-
sionusing aphantom, but itismorerepresentative of thereal scanning situation. The best
precision will be achieved if the patients are scanned and analyzed by a single fully
trained operator.

Precision studiesare most commonly performedin healthy adults. However, precision
measured in matureindividuals may differ from that measured in children because of the
latter’ ssmaller size and variable ability to cooperate. Theability of the softwareto detect
the edges of smaller bones may also affect precision in children. Ideally, pediatric data
should be gathered when possible. One multicenter study of DXA precision in 155
children, ages 6-15 yr, demonstrated coefficient of variation values of 0.64-1.03 for
spine and 0.66—1.20 for whole-body BMD, depending on the age range (18).

Long-Term In Vivo Precision

This measure is obtained by repeat scanning of a group of patients over a period of
time. It is harder to evaluate because, unlike a phantom, which maintains stable bone
density over time, the patient’ sbone density may increase or decrease. For children, this
is particularly difficult to estimate due to the expected changes in bone measures in
growing children.

Least Significant Change

The least significant change (LSC) is the smallest percent difference that can be
detected by the technique from repeat measurement of a patient. This value is usually
expressed as 2.8 x %CV.

STRENGTHS OF DXA
Accessihility
Although availability of DXA may vary from country to country, thistechniqueisnow
widely availablein both general hospitals and academic medical centers. In some areas,

mobile units are also available, reducing the need for the patient to travel long distances
to the nearest machine.

Radiation Dose

Although any radiation exposureresultsinadegree of risk tothe patient, DXA hasone
of the lowest effective doses of al the ionizing radiation imaging techniques, being
equivalent to approximately lessthan 1 d naturally occurring radiation in most cases.
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Precision

Much work has been done by the manufacturers of DXA machinesto produceastable
x-ray source and an efficient detector system, thereby making DXA a precise technique
for measuring bone. The average coefficient of variation for aspine DXA scanis 1.5%
or less, compared to as much as 5% for an average calcaneus ultrasound scan (19).
Additionally, sophisticated analysis software packages are used, which, for alarge pro-
portion of DXA scans, require little or no operator intervention, thus further improving
precision.

Short Scan Time

Recent advances in DXA hardware have drastically shortened scan times. Whole-
body DXA scans can be completed in 3 min or less, and spine scansin less than 1 min,
which minimizes the possibility of movement artifacts in young children.

Normative Data

Asaresult of the wide availability and relatively low radiation dose, DXA datahave
been collected on samples of healthy infants, children, and adolescentsin several coun-
tries (Chapter 2, Table 4; see Appendix C at end of volume). These data have been used
clinically as reference values to identify children with “normal” vs “abnormal” bone
density. However, caution should be used in applying these reference data for severa
reasons: (1) the manufacturer, model, and software version will affect DXA results, so
data on healthy children used for comparison should all be acquired and analyzed in a
similar fashion; (2) thesedataarederived from convenience samplesthat may not provide
adequate representation of all age and gender groups; (3) reference data that do not
provide gender-specific normsarelikely to overestimate bone deficitsin boys compared
to girls(20); and (4) most reference data provide means and standard deviationsrelative
to age, and there are no guidelines on how to account for children with delayed skel etal
age or altered body size. These issues are discussed in further detail in Chapter 7.

I nterpretation of DXA Results

DXA iswidely accepted as a quantitative measurement technique for ng skel-
eta atus. Inelderly adults, DXA BMD isa so asufficiently robust predictor of osteoporatic
fractures, that it can be used to define the disease. The World Health Organization criteria
for the diagnosis of osteoporosisin adults is based on a T-score, the comparison of a
measured BMD result with the average BMD of young adults at the time of peak bone
mass (21). A T-score of—2.5 standard deviations (SD) or less bel ow the mean peak bone
mass is used for the diagnosis of osteoporosis, and a T-score of —2.5 SD or less with a
history of alow-impact fractureis classified as severe osteoporosis.

In adults, each SD decrease in the T-score is associated with an average increase of
fracturerisk by 1.5- to 3-fold (22). Measurements of BMD in anatomic regionsthat are
likely to fracture—such asthe spine, hip, or forearm—provide the best prediction of risk
of fracture at that site. For example, the Study of Osteoporotic Fractures showed that at
thefemoral neck, each SD decreasein bonedensity increased the age-adjusted risk of hip
fracture 2.6 times (95% confidence interval [CI] 1.9, 3.6). Low hip bone density was a
stronger predictor of hip fracture than bone density measurements of the spine, radius,
or calcaneus (23).
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Ongoing epidemiological studies in adults have demonstrated that the relationship
between T-score and fracture risk is age-dependent; for a given T-score, the risk of
fractureincreaseswith age (24). In addition, other risk factors, such as previousfracture,
maternal history of hipfracture, greater height, impaired cognition, slower walking speed,
nulliparity, type 2 diabetes mellitus, Parkinson’ sdisease, and poor depth perception also
contribute independently to therisk of hip fracturein older women (25). These observa-
tionsreflect the fact that bone massisonly onefactor contributing to therisk of fracture
in adults. Bone quality and geometry and the risk of falling also contribute to the likeli-
hood of bone fracture. In children, lessis known about the risk factors for fractures and
whether they are age-dependent.

Because of the predictive value of the T-scorein adults, it isa standard component of
DXA BMD reporting software. However, itisclearly inappropriate to compare the bone
mineral statusof achild with adultswho have reached peak bone mass. Instead, the bone
density of children should be expressed as a Z-score, the number of standard deviations
from the mean for age and gender. Additional adjustmentsfor body size or body compo-
sition are recommended by some, as discussed in Chapter 7. Despite the growing body
of published normative data utilizing DXA in children, there are no evidence-based
guidelines for the definition of osteoporosis, osteopenia, or fracture risk based upon
BMD in children. Further discussion of thisimportant consideration and therel ationship
between DXA BMD and fracture risk can be found in Chapters 7 and 10.

LIMITATIONS OF DXA

Confounding by Bone Size

DXA provides only two-dimensional measurements of BMC and BA for the three-
dimensional bone. Thus, BMD is not a measure of volumetric density (g/cm?3) because
it provides no information about bone depth. Bones of larger width and height are also
thicker. As shown in Fig. 4, the BMD of bones with identical volumetric BMD but
varying sizewill differ substantially inareal BMD. Smaller boneswill havealower areal
BMD than larger bones because bone thickness is not factored into DXA results. The
lower areal BMD of children when compared with adultsisdue, in part, to their smaller
bone size. In addition, children who are small for their agewill have alower areal BMD
than their same-age peers, even if their volumetric BMD isidentical.

Because of the confounding by bonesize, several investigatorshave suggested that the
use of BMC adjusted for body size is preferable to conventional units of areal BMD,
especialy in children (26-29). Others have suggested that volumetric BMD can be
estimated fromthe BM C and BA valuesobtained from DXA by cal culating bone mineral
apparent density (5,30,31). For whole-body DXA scans, BA relative to height may pro-
vide additional information about bone dimensions and strength (27,29). The clinical
utility of these approachesremainsto be determined. Further detailsare givenin Chapter
10, describing how these techniques are being evaluated in research.

Projection Artifacts

Anadditional limitation of DXA isthat it may introduceartifactsintothemeasurement
of bone size (i.e., the projected area) and density in children with abnormal body com-
position (9,32). Hologic scannersare configured such that thefan beamisprojected from
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1cm 2cm 3cm
BMC (g) 1 8 27
Area (cm?) 1 4 9
A-BMD (g/cm?) 1 2 3
Volumetric 1 1 1

BMD (g/cm?)

Fig. 4. The difference between volumetric and areal bone mineral density in differently sized
bones, as assessed by dual-energy x-ray absorptiometry.

below the patient, with alinear array of detectors above the patient. The portion of the
body that is closest to the source of the beam is magnified more than if the same region
were closer to the detector. Subsequently, thinner individuals will appear to have a
disproportionately greater BA and BMC. This hasimportant implicationsfor longitudi-
nal studiesbecausechildrenwill increaseinlength and thicknessasthey grow. Moreover,
increases in soft-tissue thickness associated with glucocorticoid therapy may result in
the erroneous impression of decreased BMC and BA asthe boneislifted further from
the x-ray source.

Changes in the surrounding soft tissues may also impact bone detection algorithms.
Given that many children for whom poor bone mineral accrual is a concern also have
altered body size and composition, these effects are likely to be important but have not
been quantified. For adults, the effects of weight and body composition changes on the
estimation of total-body BMC, BA, and BMD have been evaluated using in vivo and in
vitromodels. Thedirection and magnitude of the effects depend on the manufacturer and
softwareversion (33,34). For example, with a16% weight |ossin obese adult women, the
Lunar DPX system operating in the standard software mode showed losses of 5.3, 3.2,
and 2.3% for BMC, BA, and BMD estimations, respectively. For the Hologic 1000 W,
al2% weight lossin obese adult womenresultedinlossesof 8.3, 6.8, and 1.6% for BMC,
BA, and BMD estimations (33). M easurements of whol e-body phantomswrappedinlard
confirmed that these observed changes with weight loss in adults were attributable, at
least in part, to changesin surrounding soft tissue and distance from the x-ray sourceand
not to actual changesin bone size and density. Acrossall scanners evaluated, the effects
of weight and body composition changes are more pronounced for total-body BMC and
BA than they arefor BMD. Similar results have been noted for estimation of BMC, BA,
and BMD of the spine as well (33,35).

For childrenwith weight and body compositioninthenormal range, itisfair toassume
that the effects of normal growth-related changes in weight and body composition on
BMC, BA, and BMD will be comparableto those occurring in the reference population.
Thus, the interpretation of reference-based Z-scores should not be affected by these
normal, growth-related changes. For children experiencing rapid shifts in weight and
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body composition, for example, with intentional weight loss regimens or with weight
gain through glucocorticoid therapy, the measurement artifacts described previously
should be taken into consideration in the interpretation of DXA results.

Bone Detection Algorithms

Pediatric DXA images often could not be analyzed with early-generation software as
a result of the failure of the bone edge detection algorithm to identify and measure
completely all bones. In one series, the DXA lumbar spine scan could not be analyzed
using standard software (QDR 2000, Hologic, Waltham, MA, USA) in 40% of chroni-
calyill childrenlessthan 12 yr of ageand inyounger healthy children, particularly those
lessthan 6yr of age(7). Althoughitispossibletousevisual inspectiontofill intheregions
missed by standard software, this reduces precision by introducing greater operator-
related variability. It resulted inlossof the systemsal gorithmthreshol d definition of bone
edge and led to inaccuracies in measurements of bone mineralization.

Inaneffort to addressthislimitation, software modificationswere devel oped toimprove
detection of low-density bone in children and severely osteopenic adults (Hologic, GE
Lunar). Although the new software performed well, these modifications increased the
detection of low-density bone. Because the bone map included areas of less dense bone
(not detectable by standard software), low-density software resulted in a systematic
decreaseinthe BM D measurement compared with the standard analysis(7). Comparable
effects were seen with whole body pediatric software analyses (36). Because results
acquired using standard and low density softwareanalysesdiffered by asmuchas9-11%,
these two software options could not be used interchangeably in studies of BMD in
children, For the samereason, reference datamust be acquired inthe same analysismode
as that used to examine the patient.

M ore recent software modificationsinclude methods to adjust bone-detection thresh-
olds based on the subject’ s weight (37). and techniques for improved bone detection in
thelumbar spine based on anatomical assumptions. Future studies are needed to eval uate
the utility of these new approaches in longitudinal studies and in children with altered
body compoasition. Although these techniquesillustrate the advancementsthat are being
made in bone mineral analysis, it must also be remembered that proper comparison to a
reference population requires that the same methods be used in subjects and controls.

Lack of Standardized Reference Data

The ability to interpret DXA measurements has also been influenced by the lack of
standardized reference data. As noted previously, DXA results vary by manufacturer,
model number, and softwareversion. In particular, manufacturers and software versions
vary in how the lower BMD of children isdetected. Cross-calibration of DXA machines
from different manufacturers has been done to establish a set of equations to convert
BMD on each machine to a “standardized BMD” (sBMD) (38). These formulae are
presented in Appendix B. However, these equations were established for adults, and
further research is needed to determineif they are applicable to children. Consequently,
careful selection of pediatric reference data that matches the manufacturer, model, and
software version is essential.

In addition, utilizing reference data that are based on adequate numbers of children
within each age and gender group is crucial for characterizing bone mineral status.
Currently, the US National Institutes of Health isconducting alarge, mixed longitudinal



54 Crabtree et al.

multiethnic multicenter study to establish national normsfor bone mineral density. Until
these data are published, other pediatric reference data must be employed (provided in
Appendix C).

Pediatric studies of healthy children have identified numerous factors influencing
BMD.BMCandBMD arelargely influenced by body size (height, weight and body mass
index [BMI, weight/height?]) (27,31,39-44). Gender, sexual maturation (31,39-46),
ethnicity (30,31,44,47,48), body composition (39,40,49), nutrient intake (50,51), physi-
cal activity (52,53), skeletal age (40,54), and genetics (48,55,56) are also important
factors. Age, body size and composition, and sexual maturation explain up to 88% of the
variability in DXA measuresof BMD, especially when study samplesconsist of children
of widely varying ages (40,42,43,57).

Although it is recognized that these are important covariates of bone density, it is
unclear how they should beused clinically. For adults, the International Society of Clini-
cal Densitometry recommends the use of a uniform Caucasian reference database for
evaluating bonedensity for all ethnic groups (58). Thereasonsarethat (1) itisnot always
possible to identify patient ethnicity, and reference data are not available for all ethnic
groups; (2) thereis insufficient evidence linking BMD to fracture risk in other ethnic
groups; and (3) use of Caucasian reference datain African Americansresultsin alower
prevalenceof osteoporosis, whichisinaccordancewiththelower ratesof fractureamong
African Americans. A useful discussion of thistopic can be found at the website of the
International Saciety for Clinical Densitometry (http://www.iscd.org/Visitors/positions/
official.cfm). Among children, it is unclear if reference norms should follow similar
guidelinesbecauseevenlessisknow about BMD and fracturerisk acrossdifferent ethnic
groups. Similarly, evidence-based pediatric recommendations for adjusting for body
size, body composition, and skeletal and sexual maturation are lacking.

SUMMARY POINTS

e Thefundamenta principle of DXA isthe measurement of transmission of x-rays, pro-
duced from a stable x-ray source, at high and low energies.

e Since the introduction of DXA, there has been an exponential increase in pediatric
research and clinical practice of bone densitometry in pediatrics.

« DXA isaprojectional techniqueinwhichthree-dimensional objectsareanalyzed astwo-
dimensional. Problems may arise when the dimensions of the area scanned change with
time, asisthe case in agrowing child.

» DXA technology has numerous strengths as aclinical tool in the field of pediatric den-
sitometry, including its availability, short scan times, minimal radiation exposure, and
excellent precision.

* There remain a number of factors that must be considered carefully when interpreting
DXA resultsin pediatrics, including size and projection artifacts, bone detection limita-
tions, and the lack of standardized normative data for children and adolescents.
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INTRODUCTION

The demand for bone mineral assessmentsin pediatrics has grown in the past decade.
Thistrend likely reflects greater awareness of the importance of early bone health for
osteoporosis prevention (1,2). An estimated 60% of the variablerisk of osteoporosishas
been attributed to the magnitude of peak bone mass reached by early adulthood; the
remaining 40% is explained by subsequent bone loss. Genetic factors, undernutrition,
hormone disorders, medications, immobilization, and chronic illness during childhood
and adolescence may compromise the rate at which bone size, mineral content, and
quality are accrued (1-3). If not reversed, this resultsin reduced peak bone, increasing
the lifetime risk of osteoporotic fracture. In severely affected children, low-impact or
fragility fractures can begin in childhood.
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The demand for bone densitometry is not limited to children with chronicillness. At
times, bone scans are ordered to eval uate osteopenianoted on conventional radiographs.
Densitometry may al so be ordered to assessbone massin otherwise healthy childrenwho
sustain recurrent or low-impact fractures. Theincidence of childhood fractureshasrisen
by 35% in boysand 60% in girlsduring the past three decades (4,5). Thistrend hasraised
concernsthat pediatric bone health may be declining. Recent studies have observed that
children who have sustained aforearm fracture have lower bone mass and agreater risk
of future fracture than controls (6-9).

Thewidespread availability, speed, and safety of dual-energy x-ray absorptiometry
(DXA) havecontributed toitsgreater usein pediatrics. However, despitethe prolifera-
tion of pediatric bone studies, the specific indicationsfor bone densitometry in clinical
pediatric practice remain controversial. This chapter will review current evidence and
expert opinion regarding which children warrant DXA examinations, how often these
studies should be repeated, and how the results should be used to guide clinical man-
agement.

RATIONALE FOR DXA STUDIES IN PEDIATRICS

Bone densitometry isperformed in adultsto assess bone mass, asurrogate measure of
bone strength and resistance to fracture. DXA results are used to determineif deficitsin
bone mineral are present, to predict the risk of osteoporotic fracture, to help identify
which patients warrant therapy, and to monitor response to treatment. Although the
rationale for performing DXAs in pediatrics is similar, the interpretation and clinical
significance of bone densitometry in children and adol escents are more challenging than
in older adults. Asdiscussed in Chapter 7, the distinction between anormal or abnormal
DXA result is dependent not only on the reference data used but also on the application
of adjustments, if any, for bone size, weight, pubertal status, or other clinical variables.
Furthermore, the clinical implications of low bone density in childhood are less certain
than in adults.

Theassociation betweenlow bonemineral density (BMD) andfracturesinolder adults
issufficiently robust that the World Health Organization (WHO) has developed criteria
for “osteopenia’ and “ osteoporosis’ based on BMD T-scoresalone (i.e., standard devia-
tions above or below the mean for healthy young adults). The WHO criteria are not
appropriate for use in children and young adults who have not yet achieved peak bone
mass, as they will normally have negative T-scores (10). There are insufficient data to
determine a specific risk of fragility fracture based solely on bone massin children and
young adults. Furthermore, BMD alone does not explain fracture risk. Even in adults,
bone quality, rates of bone turnover, and the nature of trauma al so contribute to the risk
of fracture. It islikely that these other factors are operational in children as well.

Asdiscussed in detail in Chapters 3 and 5, several characteristics of DXA affect the
reliability of this technique to assess bone density in growing children. Controversies
surround the optimal way to correct for variables of bone size, maturity, and body com-
position. It would beideal to select the methods that best predict fracturesin childhood.
Thiswill be adifficult goal to achieve because the incidence of fracturesislow; avery
large study cohort would be needed to define the relationship between bone mass and
fracturerisk in children.
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Table 1
Potential Clinical Indications for Dual-Energy X-Ray Absorptiometry
(DXA) Studies in Pediatrics

* Recurrent or low-trauma fracture
e Osteopenia diagnosed on conventional radiograph
e Chronic disease?
0 Chronic inflammatory disease
0 Hypogonadism
o ldiopathic juvenile osteoporosis
0 Immobilization
0 Long-term systemic glucocorticoid therapy
0 Osteogenesisimperfecta
» Need for monitoring treatment effect

aDecision to perform DXA in an individual patient with these disorders should be
influenced by disease severity and other clinical risk factors for poor bone health.

These complexities make it more challenging to use DXA to identify which children
warrant therapy for bonefragility. Oncethese children areidentified, there are challeng-
ing decisions regarding therapy because there are no approved pharmacol ogical agents
for the treatment of osteoporosis in pediatric patients. None of the drugs used to treat
postmenopausal or steroid-induced osteoporosisin older patients have been adequately
tested for safety and efficacy in children.

POTENTIAL CANDIDATES FOR DXA

Potential candidates for DXA include children with genetic disorders or chronic dis-
eases associated with low bone mass, children with recurrent low-impact fractures, and
thoseidentified as having osteopeniaon astandard radiograph (Table 1). Thislist should
not be interpreted as a mandate for screening all young patients with these diagnoses;
clinical judgment is heeded to determine when DXA studieswill influence clinical care
for anindividual child. Systematic screening for research purposes should be designated
as an investigational study with appropriate informed consent.

Genetic Disorders and Chronic Diseases

Table 2 lists several of the genetic and acquired disorders that have been reported as
associated with low bone mass and fragility fracturesin children and adolescents. Most
of the conditions listed in this table have been examined only in small convenience
samples, many of which failed to consider delayed growth or maturity in interpreting
results. Because of theselimitations, it isnot possibleto predict with certainty therisk of
low bone mass or fractures in each condition. It is beyond the scope of this chapter to
provideadetailed discussion of thesedisorders, but reviewsareavailableintheliterature
(1,2,11), and specific disorder-related references are cited in the table.

Bonefragility inmost of the heritable disordersresultsfrom defectsin the bone matrix
that affect the entire skeleton (12—14). Osteogenesisimperfecta (Ol) isthe best example
of these disorders, and given the variable expressivity of these genetic defects, thereis
awiderange of skeletal effects. Some patients show only asymptomatic low bone mass,
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Table 2

Disorders Associated with Low Bone Mass and/or Fragility Fractures in Children

and Adolescents

Genetic disorders (12-14)

Ehlers-Danlos syndrome
Fibrous dysplasia

Gaucher’s disease
Galactosemia

Glycogen storage diseases
Homocystinuria
Hypophosphatasia

Marfan’s syndrome

Menke's kinky hair syndrome
Osteogenesis imperfecta

Chronic disease

Anorexia nervosa (1,15-18)

Asthma (19,20)

Celiac disease (21,22)

Cystic fibrosis (23)

Hematological diseases (i.e., talasemia and sickle cell anemia[24])
Inflammatory bowel disease (25)

Malignancy (leukemia[26-28])

Posttransplantation (29)

Renal failure (30)

Rheumatol ogical disorders (31,32)

Endocrine disorders

Glucocorticoid excess (endogenous or iatrogenic) (35,36)
Growth hormone deficiency (37)

Hyperthyroidism (38)

Hyperparathyroidism (39)

Sex steroid deficiency or resistance (1,40,41)

Type 1 diabetes (42,43)

Immobilization

Cerebral palsy (45)
Muscular dystrophy (46)
Paraplegia (47)

I diopathic juvenile osteoporosis (48,49)
| diopathic adolescent scoliosis (50)
Disorders causing osteomalacia (51)

Hypophosphatemic rickets (52)

» Vitamin D deficiency (51)

Vitamin D resistance (51,53)
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whereas others progress to chronic bone pain, recurrent fractures, and progressive skel-
etal deformity. In patients with fibrous dysplasia, total bone massis not diminished, but
fragility fractures occur at the site of lytic or cystic lesions.

Myriad acquired diseases have also been associated with low bone mass (15-32).
Nearly al of thesediversedisordersareassociated with multiplethreatsto skel etal health.
Malnutrition, vitamin D insufficiency, inadequate cal cium intake or retention, immobil-
ity, deficiency of or resistanceto sex steroidsor growth hormone, andincreased cytokines
complicate many of these conditions (1,11). Glucocorticoids, chemotherapeutic agents,
calcineurin inhibitors, and radiation therapy used to treat these disorders have also been
implicated in causing poor bone health.

Aswith the genetic disorders, the severity of deficitsin bone quantity and quality in
chronic disease varies by diagnosis and within each diagnostic category. For example,
children and adultswith cystic fibrosis (CF) may have markedly reduced bone mass and
low trauma fractures. Mean areal BMD Z-scores in some cohorts of patients with CF
range from —1.2 to —1.9 for whole-body and femoral neck regions, with significant
reductions in volumetric BMD (i.e., bone mineral apparent density [BMAD]) as well
(23). Thefactorsassociated withlow bone massincluded disease severity, glucocorticoid
use, hypogonadism, and undernutrition (23). By contrast, well nourished children with
CF havenormal BMD for age (33), and those with mild to moderate disease are no more
proneto fracturethan age-matched controls(34). Therefore, thedecisionto order aDX A
scan must be based on clinical judgment of risk factors.

Endocrine Disorders (35-43)

Deficiency or excess of several hormones can limit bone mineral accrual and can
contribute to bone loss. Skeletal findings range from mild decreases in bone density
among children with type | diabetes (42,43) to clinically apparent fragility fractures
among children with endogenous or exogenous glucocorticoid excess (35,36). The most
common clinical concern is the skeletal effects of long-term systemic glucocorticoids
prescribed for chronic disease, malignancy, or posttransplantation. The dose, route of
administration, specific agent, and duration of glucocorticoidtherapy influencethe severity
of the bone deficit. However, factors such asnutrition, activity, inflammation, and genetic
variablesappear to modify the skeletal responseto chronic glucocorticoid excessaswell.
A recent study demonstrated that children with steroid-responsive nephrotic syndrome
treated long-term with high-dose prednisone had similar bone mass to age-matched
controls (44). Thesefindings challenge the assumption that glucocorticoid excessinevi-
tably leads to reduced bone mass.

Appropriate treatment to correct endocrine deficits (such as sex steroid therapy for
ovarian failure) may be sufficient to prevent or restore deficitsin bone mineral. In other
cases, the potential for reversing the effects of an endocrine deficit or excess remains
guestionable.

I mmobilization (45-47)

Mechanical loading of boneis akey determinant of bone strength. For children who
areimmobilized as aresult of cerebral palsy, neuromuscular disorders, or congenital or
posttraumatic spinal injury, inadequate accrual and increased loss of bone areinevitable.
In many of these conditions, the adverse effects of immobilization may be compounded
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by co-existing deficiencies of calories, protein, calcium, or vitamin D intake and by the
use of anticonvulsant therapy. Low bone mass and fragility fractures, particularly of the
hip and lower extremities, are common in these disorders.

I diopathic Juvenile Osteoporosis (48,49)

Thisraredisorder presentsin prepubertal children asbone pain and fragility fractures
of spineand long bones; low bone mass has been found when densitometry is performed.
Thediagnosisof idiopathic juvenile osteoporosis (1JO) is often made when other potential
causesfor bonefragility have been excluded. Becausetheetiology of 1JO remainselusive,
more than one defect may account for the disorder. Standard radiographs may be more
helpful than DXA indifferentiating 1JO from mild Ol. Absence of callusat fracture sites
and radiolucent bandsin metaphyseal regions(i.e., neo-osseus osteoporosis) are charac-
teristic of 1JO, whereas callus formation is normal at fracture sitesin Ol.

Scoliosis (50)

L ow bone mass has been associated with spinal deformitiesin adolescentswith idio-
pathic scoliosis (50). Both areal BM D of the spineand femur (as measured by DXA) and
volumetric bone density of the radius and tibia (measured using quantitative computed
tomography [QCT]) werereduced in girlswith adolescent idiopathic scoliosiswith val-
uesbelow —1 standard deviation (SD) in 36—38%. Thisobservation hasled to specul ation
that reduced bone mass may contribute to the development of spinal deformity.

Rickets and Osteomalacia (51-53)

Ricketsin childrenwith open epiphyses (or osteomal aciain adultswith closed epiphy-
ses) ischaracterized by delayed or deficient mineralization of newly formed bonematrix.
Thus, rickets differsfrom the conditionslisted previously, in which the matrix is miner-
alized but bone mass is reduced. Worldwide, the most common causes of rickets is
vitamin D deficiency. Genetic or acquired causes of phosphorous or calcium deficiency,
as well as defectsin vitamin D metabolism or action, can also cause rickets.

Ricketscannot bedistinguished from osteoporosi sby DX A because bonemineral may
be reduced for agein both circumstances. Overt skeletal manifestations, including bow-
ing of thelegsin younger children, craniotabes, rib cage deformity, and painful swelling
of the metaphyses of the most rapidly growing bones (e.g., the distal wrist), may be
helpful in identifying rickets. Biochemical markers such as elevated serum alkaline
phosphatase or reduced phosphorus, calcium, or 25-hydroxyvitamin D help in the diag-
nosis. In the absence of these clinical and biochemical findings, it may be necessary to
perform a bone biopsy to differentiate between rickets and osteoporosis.

Childhood Fractures

Fractures can occur in otherwise normal children; the distal forearm isthe most com-
mon site (6-9). The incidence of fractures peaks between 9 and 12 yr of agein females
and between 12 and 14 yr in males, coinciding with the pubertal growth spurt (54).
Because peak bone growth precedes peak bone mineral accrual by 6-12 mo, the skeleton
inearly adolescencemay berelatively undermineralized and more susceptibleto fracture
with trauma. Several studies have compared the BMD of “normal” children and adoles-
centswithfracturesto that of age-matched controlswithout fractures. Most (6—9), but not
al (55,56), studies have found mean BMD to be significantly lower in children with
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forearm fractures than in controls. Differences between cases and controls averaged 3—
6% at the spine, trochanter, and total body, and a higher percent of those with fractures
had BMD Z-scores below —1. Skaggs et a. (57) found that bone cross-sectional area
(measured by QCT) was also smaller in girls with a history of low-impact forearm
fracture than in controls.

Children who sustain one forearm fracture appear to be at increased risk to sustain
subsequent fractures. In longitudinal study, Goulding et a. (7) found that 29% of the
subjectswith afractureat study entry had at least one subsequent fracture during the next
4 yr as compared with only 8% of the control subjects. The risk of future fracture was
estimated to increase 1.5- to 2-fold for each SD that total body, spine, or hip BMD fell
below the mean (7,9). Other risk factors for future fractures included high body weight
and low spine BMAD, an estimate of volumetric BMD (7). Low BMD has been linked
to fractures at the forearm but not at the hand, upper arm, or other skeletal sites (9).

Recurrent fractures and fractures that occur with minimal traumamay warrant inves-
tigation with DXA. A low-impact fracture is defined as one occurring from standing
height or less (4). A detailed history of the nature of the injury isimportant, however, to
assess the direction and magnitude of the force associated with the fracture (4). For
example, some fractures from standing height, such as those occurring during soccer or
other vigorous sports, involve significant impact or torsion and may not qualify aslow-
impact.

Vertebral compression fracturesarefar lesscommon than extremity fracturesinchild-
hood. Spine fractures may indicate a marked deficit in bone quality, quantity, or both,
particularly if other risk factors such as chronic glucocorticoid exposure are present.
Bonedensitometry iswarranted inthese patientsto assessbone massat nonvertebral sites
and to establish abaseline measure prior to treatment. BMD may be increased in areas of
compression as an artifact of the collapsed vertebrae. For thisreason, fracture sites should
be excluded when analyzing a DXA scan of the spine.

Osteopenia on Conventional X-Ray

Standard radiographs are an insensitive tool for assessing bone mineral; an estimated
decrease of 30—40% must occur before osteopeniais detected. For thisreason, pediatric
patients found to have low bone mass on standard radiograph may warrant aDXA scan
if there are other identifiable risk factors for poor bone health. Osteopenia can be an
incidental finding on a chest or abdominal x-ray taken for nonskeletal indications or
reported on a radiograph ordered because of bone pain or trauma. Unfortunately, there
is apoor correlation between osteopenia on conventional x-ray and DXA measures of
bone mass.

TIMING OF INITIAL DXA STUDIES

Increased use of DXA for pediatric clinical research has led to the extensive list of
conditions that are associated with low bone mass or fractures in childhood. Unfortu-
nately, thisresearchisnot sufficient to establish evidence-based indicationsfor perform-
ing pediatric DXA scansin clinical practice (58-61). Without systematic screening of
large numbers of children with the same diagnosis, the prevalence and severity of low
bone density and fractures cannot be established. Littleisknown about the frequency of
fragility fracturesin these conditions because cohort sizeis often too small to determine



66 Bachrach et al.

Table 3
Published Recommendations for Bone Density Testing for Specific Disorders
Disorder Recommendation
Cystic fibrosis (62) Baseline DXA by age 18

DXA before age 18 if risk factors exist
(i.e., malnutrition, delayed puberty, or glucocorticoids)
If normal at baseline, repeat every 2-5 yr
If low at baseline, repeat yearly

Survivor of childhood cancer (63) Baseline DXA at age 18
Consider earlier screening if clinically indicated
Repeat as clinically indicated

DXA, dual-energy x-ray absorptiometry.

if fractures exceed the expected incidence for age. Larger studies are also needed to
determine with certainty the clinical factors associated with greatest risk of poor bone
health. Until further research is available, recommendations for who to screen by DXA
and how frequently to repeat the studies represent expert opinion rather than evidence-
based indications.

For afew disorders, subspecialty panels have devel oped recommendations for DXA
examinations based on analysis of the available literature by assembled experts. For
example, aconsensus conference report on bone health in CF has recommended that all
patients have a baseline DXA scan of the spine no later than age 18 (62). Densitometry
was advised for younger patientswith CFwho haveclinical risk factorssuch asevidence
of undernutrition, delayed puberty, hypogonadism, or severe lung disease or with post-
organtransplantation status. The guidelinesrecommended repeat DX A scansevery 2-5yr
if the baseline was normal and yearly scans for patients with the identified risk factors.
Table 3 summarizes the published guidelines for two chronic disorders (62,63).

For disordersinwhich specificrecommendati onshave not been established, thedecision
to perform a DXA scan should be based on clinical judgment of risk. The lengthy list of
disorders linked to low bone mass (Table 2) is derived from clinical research studies.
Routine DXA screening in each of these conditions is not mandated. The decision to
performaDXA scaninanindividual patient isinfluenced by disease severity, immobil-
ity, bonepain, skeletal deformity, malnutrition, or use of medicationsknownto adversely
affect bone. Aswithany testin clinical practice, bonedensity testing should bedoneonly
when it islikely to influence patient management. For example, aDXA would be indi-
cated if results would modify the decision to initiate therapy. If treatment isinitiated, a
DXA isappropriate to establish a baseline measurement for monitoring the response to
therapy.

Thepotential value of DXA must bewei ghed agai nst impedi mentsto obtaining useful
information fromthe scan. If the childistoo young toremain still or if normativedataare
not available for the age and gender of the child at specific skeletal sites, DXA may not
be successful or useful. Children over the age of 5 yr can usually cooperate long enough
topermit DXA studiesusing rapidfan beam DXA systems. For younger children, thelack
of normative data and the need for sedation make densitometry more challenging and
potentially less valuable. Immobilized patients and children with more severe forms of
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Ol may have skeletal deformitiesthat prevent proper positioning. Performing densitom-
etry in these children with special considerationsis discussed in Chapter 9.

The information to be gained from DXA must also be weighed against the risk of
misinterpretation. Bone densitometry in children requires specialized skill and attention
to avoid errorsin acquiring or interpreting densitometry data, as outlined in Chapters 3
and 5. The most serious errors involve reporting T-scores and the WHO criteria for
osteoporosisand osteopeniain patients under age 20. Y ounger patientswho have not yet
reached peak bone massare oftenidentified asabnormal by thesecriteria, causing unwar-
ranted concern and potentially exposing them to inappropriate treatment. Failure to
adjust for delayed maturation or bone size and failureto use gender-specific normative
dataal so contributeto theoverdiagnosi sof low bonemass(64). To avoid thesediagnostic
errors, theclinician should arrangefor DXA studiesto beperformedin DXA centerswith
established expertise in pediatric densitometry. If that cannot be arranged, DXA results
should be reviewed for accuracy by an experienced pediatric DXA consultant.

Panels of bone specialistsin the United Kingdom (58,59), the United States (60), and
Canada (61) have attempted to devel op standardized indications for bone densitometry.
The suggested indications for pediatric DXA included presence of a chronic condition
(such as chronic inflammatory disorders, hypogonadism, immobilization, Ol, or long-
term systemic glucocorticoid use) in conjunction with “low-trauma or recurrent frac-
tures, back pain, spinal deformity or loss of height, change in mobility status, or
malnutrition” (58,59). In aconsensus statement for men, women, and children, the Inter-
national Society for Clinical Densitometry (60) recommended DXA scansin “any indi-
vidual being considered for pharmacologica therapy, any individual being treated in
order to monitor treatment effect, or any individuals not receiving therapy in whom
evidence of bone loss would lead to treatment.” The Canadian standards suggest that
“bone densitometry may be helpful in assessing skeletal health in children using gluco-
corticoids or those with chronic disease, radiographic evidence of osteopenia, or recur-
rent low-impact fractures’ (61).

Selecting the skeletal region or regionsto scanwill depend ontechnical considerations
andtheclinical indicationsfor thestudy. Careful positioning and consi stent repositioning
arerequired to compl ete scans for the spine, proximal hip, and whole body. In addition,
scanning of more than one site will requireincreased time. Based on theselimitations, it
may not be appropriate or possible to study all three sitesin younger children. Skeletal
siteswith permanent hardware such asarod or pin should not be scanned. As discussed
in Chapter 5, the lumbar spine and whole body are preferred sitesin children because of
the precision and published reference norms. The vertebrae contain considerabl e trabe-
cular bone, which is selectively lost in response to glucocorticoid excess and hypogo-
nadism. By contrast, the whole body is comprised largely of cortical bone, which is
reduced in growth hormone deficiency, hyperthyroidism, and hyperparathyroidism.

Asinadults, the primary goals of DXA for children and adol escentsinclude monitor-
ing thebonehealth of high-risk patients, identifying thoseat greatest risk for fracture, and
assessing responsesto therapy. Because a certain rel ationship between bone density and
fracture has not been established in younger populations, the diagnosis of osteoporosis
should not be made in children and adolescents solely on the basis of densitometric
criteriaalone. Conversely, achild with vertebral compression fracturesor fractureswith
minimal traumahas evidence of osteoporosisand may not require bone densitometry for
confirmation of low BMD by DXA.
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OPTIMAL TIMING FOR FOLLOW-UP STUDIES

A key factor determining thetiming of follow-up isthe precision or reproducibility of
the densitometry measurement (65,66), discussed in detail in Chapter 3. Bone mass
changes slowly, and the variability in repeated measures of bone density can exceed the
rate of changein bone mass. Therefore, the precision of the measurement factorsinto the
decision regarding timing of repeat DXA studies. Variability in repeated measurements
can occur in the same individual on the same day. This reflects both the limitations of
DXA machinery and software as well as differencesin density that are due to errorsin
repositioning the patient.

Precision is routinely expressed in terms of the number of SDs by which repeated
measurementsvary from the mean of multiple measurements. Alternately, precision can
be described in terms of the percent coefficient of variation (%CV). In the hands of a
skilled technician, the %CV for repeated DXA measurements at spine and whole body
islessthan 1%. Themore precisethemeasurement, thesmaller thechangein bonedensity
that can be detected with certainty. Least-significant change (L SC) isaterm describing
the minimum increase or decrease between serial DXA measurements that exceeds the
variability of the techniqueitself. Thisistypically defined as 2.8 x %CV . The absolute
or percent changein BMD meeting the definition of L SC varies both with the precision
(i.e., the %CV) of the technique and with thelevel of statistical confidence desired (i.e.,
80-95%). For most sites studied, atrue changein bone density will haveto beat least 3%
to exceed the error of the technique.

In adults, the recommended interval between repeat DXA studiesislong enough that
the LSC islikely to have occurred. The monitoring timeinterval (MTI) isan estimate of
theminimal timerequired to be ableto detect ameaningful changeinbonemineral using
aparticular densitometric technigue (65). The M Tl isderived mathematically by factor-
ing in both the L SC and the expected rate of change per year (65).

Although estimates of MTI would be valuable in guiding pediatric DXA practice,
establishing this parameter for pediatric patients is far more challenging than it is for
adults. Yearly rates of bone mineral accrual vary considerably through childhood and
adolescence, with the greatest gains occurring several months after peak height velocity
(67). Given the rapid changes in bone size and mineral during the adolescent growth
spurt, the MTI would potentially be shortened, but this has not been established. In the
absence of data, adult guidelines for the timing of repeat studies are applied to younger
patients. To repeat a DXA study more frequently than every 12 mo israrely warranted
except for clinical research, to monitor response to new drug intervention, or to monitor
rapidly worsening clinical status. However, alonger interval between repeat scans may
be appropriate if the baseline DXA indicates normal bone mineral for age. Continued
threats to bone health such as ongoing glucocorticoid therapy, immabilization, malnu-
trition, or organ transplantation may prompt a yearly follow-up study to monitor bones
more closely and to assess the rate of bone gain or loss.

REFINING INDICATIONS FOR PEDIATRIC DXAS

Thedemand for densitometry inchildrenislikely toincreasein comingyears. TheUS
Surgeon General’ s Report on Osteoporosis and Bone Health underscorestheimportance
of early skeletal health and outlines the causes of pediatric bone fragility. The increase
infractureratesamong children over the past three decades hasal so rai sed awarenessand
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concern about theboneheal th of today’ syouth. Finally, thegrowing number of long-term
survivors of childhood malignancy or organ transplantation will add to the pool of can-
didates for bone densitometry.

Further research isneeded to make pediatric densitometry amorevaluabletool for the
clinician. Standardized pediatric DXA reference data collected using current software
and equipment would reduce variability in Z-scores. Thiswould provideamore uniform
definition of low bone mass. Studies are also needed to establish the best approach to
adjust for bone size, maturity, body composition, and other clinical variables. Ideally, it
will be possible for each of these methods to be evaluated against a gold standard of
predicting clinical bone fragility.

SUMMARY POINTS

» Bonedensitometry is performed to determineif deficitsin bone mineral are present, to
identify thoseat greatest risk for fracture, to hel pidentify which patientswarrant therapy,
and to monitor response to treatment.

» Specific indications for bone densitometry in clinical pediatric practice remain contro-
versial because there are insufficient data to derive evidence-based recommendations.

 Potential candidatesfor DXA include childrenwith genetic disordersor chronic diseases
associated with low bone mass; children with recurrent fractures, low-impact fractures,
or vertebral compressionfracture; and thoseidentified ashaving osteopeniaon astandard
radiograph.

» For afew disorders, subspecialty panels have developed recommendations for DXA
examinations based on the available literature and expert opinion.

« For disordersinwhich specific recommendationshave not been established, the decision
to perform an initial bone densitometry scan is based on clinical factors such disease
severity, bone pain, skeletal deformity, or history of fragility fracture.

e Clinical DXA scans should be performed only if the results will influence patient man-
agement.

e A decision to perform a follow-up DXA depends on initial findings and interval risk
factors. To perform a repeat DXA scan more frequently than every 12 mo is rarely
warranted except in the setting of a research study, new drug intervention, or rapidly
worsening clinical status.

* DXA studiesshould beperformedin DXA centerswith established expertisein pediatric
densitometry to avoid misinterpretation of data.

 Potential impedimentsto obtaining useful information from DXA should be considered
before ordering ascan. These include a child unable to cooperate without sedation, lack
of normative datafor theagegroup of the patient, or skeletal deformitiesthat will prevent
proper positioning.
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INTRODUCTION

Theaim of this chapter isto provide the operator with the basic information required
to achieve agood-quality dual-energy x-ray absorptiometry (DXA) scan. Topicssuch as
patient preparation, standard scan acquisition, and typical acquisition problemsare dis-
cussed. This information is intended to supplement instructions provided in operator
manuals and individual department protocols.

GENERAL

Information Prior to Scan

Essential to acquiring agood-quality DXA evaluation isthe exchange of information
prior tothescan. Itishelpful to providethe child and guardian with adequateinformation
about therisks and comfort level of the procedure. It can be helpful to include a picture
or diagram of the machine in the appointment letter and also to clarify that no needles or
injectionsarerequired and that radiation exposureistypically lower than daily exposure
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from the environment (Chapter 3). Thiswill help the parent or guardian explain the pro-
cedure and will al'so, hopefully, allay any fearsthe child or parent may have about thetest.

Itisequally important for the referring clinician to provide sufficient clinical history
to the DXA operator. Specifically, the requisition for densitometry should include the
reason for the test, relevant information about diseases or medications, and unusual
aspects of the physical exam (e.g., short stature, delayed maturation, or metal implants).
The ordering physician should also alert the operator to any potential problems such as
mental or physical difficultiesthat may either prevent the scan being performed or require
sedation or modification of standard practice (Chapter 9). A samplerequisition question-
nairefor collecting such clinical dataisprovidedin Appendix D at theend of thisvolume.

Room Preparation

Aswithany investigationinvolving children, itisimportant to ensurethat theenviron-
ment is child-friendly. The use of colorful pictures and soft toyswill make the scanning
room more appealing to ayoung child and, hence, will makeit easier for thechild torelax
and cooperate during the scan. Maintaining alow noise level and limiting the number of
persons in the room al so improves cooperation.

Patient Preparation

Prior to scanning, height and weight should be recorded in light indoor clothes after
removal of shoesand any highly attenuating objectsthat may cause image artifacts such
asclothing with metal zippersor buckles, braswith metal clasps or underwires, and body
jewelry (e.g., umbilical rings) that would be in the scanning region. To achieve high-
quality results, the child should be scanned in light indoor clothes or in ahospital gown.
Multiplelayers of clothing may lead to a poor-quality scan and may inhibit the operator
from noticing possible artifacts underneath clothing layers.

The operator should put the child at ease by offering an explanation suitable to hisor
her level of understanding. The operator should also explain the procedure to the parent
or guardian, as they are often in the best position to assist and to reassure the child.
Throughout the scan, the operator should keep the child informed of what he or sheis
doing, of what the scanner will do, of the noises the scanner will make, and of how long
each scan and the entire procedure will take.

Performing the Scan

Thegoal istoobtainascanwiththechildinanideal scanning positionthat canbeeasily
reproduced at follow-up visit. However, thisisnot alwayspossible. Y ounger childrenand
those with special needs require adaptations to standard protocols (also discussed in
Chapter 9). It isimportant to assess the child’s cooperation prior to starting the scan to
avoid any unnecessary radiation exposure caused by having to repeat unusable acquisi-
tions.

Y ouNGER INFANTS (09 M0)

Y oung infants are among the hardest patientsto scan. However, some general guide-
linesare useful. Before scanning ababy, ask the caregiver to feed and settletheinfant and
to place him or her on the scanning table in aclean diaper (1). If necessary, the child can
be wrapped in athin cotton sheet to reduce any small involuntary movements. Room
lighting should be subdued to help the baby relax. If it is possible to settle the child, he
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or she might sleep through the scan, therefore requiring little operator intervention,
although somewill startlewith themovement of themachine. It isimportant to constantly
watch the child for any involuntary movements. If the operator is unable to settle the
infant, it is reasonable to reschedul e the scan to avoid unnecessary radiation exposure.

OLDER INFANTS (AGED 9 —36 M0) AND TODDLERS

Older infants and toddlers are unlikely to settle easily or to be able to follow instruc-
tions. At thisage, some children can be quieted by being allowed towatch televisionwhile
they are being positioned on the table. Having a parent next to the child is also caming.

However, 9- to 36-mo-olds are difficult to scan because they are often frightened by
the equipment and unfamiliar faces. Therefore, the easiest way to scan thisgroup iswith
light sedation. This must be performed in departments with full resuscitation facilities.
Different hospitalswill have different sedation procedures, and local protocol should be
used at al times. Once the child is sedated, scan acquisition should follow standard
scanning procedures, taking extracare that any monitorsor linesthat arerequired for the
sedationdo not overlietheregion of interest. Special consideration should begiventothis
age group to ensurethat the benefit of theresultsfrom aDXA scan far outweigh therisks
of sedation.

CHILDREN (3-12 YR)

Sedationisnot usually necessary in children over the age of 3yr; an explanation of the
procedure is generally sufficient to reassure the child. The promise of atreat, such asa
sticker or certificate, at the end of the scan may also help. Once the child is settled and
acquisition has started, it is essential to continually remind him or her to stay still. Ifitis
necessary to gently hold the child, the operator should be aware of where the x-ray tube
islocated and should keep his or her hands away from the x-ray path.

TEENAGERS (13-18 YR)

Thisagegroupistheoretically the easiest to scan asthey have agreater understanding
of the procedure and can usually follow instruction. However, there are some special
considerations that should be noted. Teenagers may or may not wish their parent or
guardian to be present. They are typically more modest and may be reluctant to undress
and put on a hospital gown. Some may have body piercings, and if these were obtained
recently, teenagerswill be particularly reluctant to remove them for the scanning proce-
dure. For females who have attained menarche, the possibility of pregnancy must be
considered.

Many of these issues can be addressed with an appropriate information leaflet sent
along with the appointment letter or provided just prior to the scan. Subjects can be
advisedtowear light indoor clothing without zippersor metal closuresandto removeany
jewelry within the region being scanned (such as an umbilical ring, if a spine scan is
ordered). Local procedures should be applied regarding the potential for radiation expo-
sureand pregnancy. Somefacilitieswill requireanegative serum or urine pregnancy test
prior to the scan, whereas others will accept awritten or oral statement from the patient
that she is not pregnant.

After the Scan
After successful acquisition of the bone densitometry scan:
« |If appropriate, reward the child for cooperating with a sticker or certificate.
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 If possible, let the patient and parent see the acquired scan on the screen to help them
understand the procedure. Providing a copy of the whole-body scan, without analysis,
often delights children.

» Inform the parents or guardians of how the results of the scan will be transmitted.

SKELETAL SITES TO BE STUDIED

DXA can be used to measure many skeletal sites. In deciding which region or regions
of interest to scan, it isimportant to consider the following:

* Auvailability of reference datafor the acquired region;

» Reproducibility and precision of the site to be scanned, and any nonstandard sites or
techniques,

¢ Clinical information to be gained;

» Radiation exposure (Chapter 3, Table 1);

e Theclinical or research question to be addressed by the scan.

All DXA manufactures provide standard procedures for scan acquisition, and these
should be followed as closely as possible. However, the operator also should be aware
of the points addressed in the following subsections.

Patient Position

If possibl e, the child should be positioned according to standard manufacturer’ sguide-
lines, ensuring that he or she is comfortable and is able to maintain the position for the
duration of thescan. M easurement precisionwill beaffected by poor and nonreproducible
positioning. In addition, several of the analysis programs, especially for whole body,
requirethat linesmarking the different regions are accurately placed. Incorrect position-
ing of the patient may result in theinability to correctly place the body part in the correct
region for the analysis, thereby influencing the scan results. For example, if thearmsare
extended above the head for awhole-body scan, it is not possible to analyzethearmsin
the arm region of interest analysis, thus lowering the whole-body bone mineral content
(BMC) measurements.

Scan Area

Most DXA softwarewill automatically set the scan areaaccording tothechild’ sheight
or body size. However, if necessary, the area can be adjusted by the operator. Any
deviation from the standard protocol should always be noted so that the scan area can be
reproduced in afollow-up visit.

Scan Mode

Bone densitometers have different scan acquisition modes according to the subject’s
size or desired image resolution. As discussed in Chapter 3, low-density or pediatric
whole-body software may be required to differentiate between bone and soft tissue in
younger or sicker patients (2—4). If these programs are used to obtain the initial study,
follow-up scans should be determined in this mode to allow for an accurate assessment
of change. However, it may be appropriate to scan in both the low-density and standard
modes to allow for flexibility through later growth.

Thenewest versionsfor theHol ogic Discovery (version 12.1 and above) havean auto-
low-density whole-body analysis. Use of the actual auto-low-density algorithm depends
on body weight (it is recommended for children <40 kg) for the whole-body scan and
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poor bone mapping by the standard adult analysisfor anteroposterior (AP) spineand hip
scans. The pediatric reference data recently published by Zemel et al. (5) on Hologic
instruments were obtained using the auto-low-density algorithms.

SPINE SCANS

The AP (or posteroanterior [PA]) lumbar spine is one of the preferred sites for mea
suring pediatric bone mass because of the speed and precision of measurements, the
easily identified bony landmarks, and the increasing amount of pediatric normative data
(6-26) (see Appendix C) The spineis a predominantly trabecular site and is therefore
sensitive to metabolic changesin bone turnover. However, the spine may not beindica-
tive of bone changes resulting from low calcium intake or other nutritional deficiencies
(27). Itiseasily accessiblewith adequate soft tissueon either sideof thevertebraetoallow
for bone quantification (6). However, as with all bonesin the child’s skeleton, the ver-
tebral bodieswill changein size and shape during growth (28). The problems associated
with growth may be addressed by employing an estimate of volumetric bone mineral
density (BMD) such as bone mineral apparent density (BMAD; g/cm3; Chapters 3 and
10) or by inclusion of body parameters (i.e., height, weight, and bone area[BA]). Using
curves for BMC by BA or height also will help in avoiding this potential problem.

Factors that may preclude a successful scan include severe scoliosis, vertebral col-
lapse, and interference caused by high-attenuating material s such as metal rods, feeding
tubes, umbilical rings, and radiographic contrast material

Positioning for the PA Lumbar Spine
In positioning the child for aPA lumbar spine scan, the following steps should be taken:

 Place the child centrally on the scanning table in the supine position, with the spine as
straight as possible.

 For follow-up visits, review the scan from the previousvisit ensure consistent positioning.

 Elevatethechild slegsusing foam pads appropriate for hisor her size. Knees should be
flexed at a 90° angle to allow the lower back to be pressed flat against the table. This
should diminish any lordosisin thelower spine. It should be noted that the knee cushion
provided by the manufacturer isgenerally too largefor young children. Smaller cushions
can be custom-made to meet the leg dimensions of young children.

» Place the child’s arms down by his or her sides.

e Check that all removable objects have been moved away from the scan area.

» Feel for the patient’siliac crest and umbilicus (or, alternately, lift the shirt to visualize
the umbilicus), and position the laser beam approximately 2 cm below this point, ensur-
ing that the beam is centered over the patient and that the scan area has equal amounts
of soft tissue on each side of the spine.

» Start acquisition, reminding thechildto stay still and to breathe normally for theduration
of the scan.

» Observe the emerging image to ensure that the spine is centrally positioned and is as
straight aspossibleand that L5 isvisible. Stop the scan, reposition, and start again if any
of these points are incorrect. To minimize radiation exposure, restarting the scan should
be kept to a minimum.

 Continue scanning until T12, usually identified by theribs, isvisible.

* Review the scan for movement, and repeat if necessary.

The acquired scan should include top of theiliac crest, the top of L5, and the bottom
of T12to aid vertebraeidentification; it should also be centrally located in the scanfield,
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Fig. 1. Correctly acquired spine scans for children of different ages. (A) Child, aged 4 yr, with
tyrosinsemiatypel; (B) child, aged 11 yr, with Duchenne muscular dystrophy; (C) child, aged 16 yr,
with galactosaemia.

with adequate soft tissue either side of the vertebrae (Fig. 1). If using aHologic densito-
meter, it isimportant to use theiliac crest as a starting point. For some edge-detection
algorithms, inclusion of the sacrum inthe scan field can result in failure of the algorithm
to locate the first and second lumbar vertebrae; this should be clarified with the
manufacturer’ s operations manual .

Positioning Problems

It may not always be possible to achieve the ideal scan due to marked scoliosis or
vertebral collapse.

Longitudinal Spine Studies

The spine is a useful site to monitor changes in bone mass. However, to achieve
successful follow-up scans the operator must:

» Accurately reproduce the patient scan position, using the baseline scan as a guide;
» Use the same scan acquisition and analysis parameters (as much as possible).

If there have been significant weight changes between scans, these ideals may not be
possible. For weight changesthat result in scan mode variation, the mode change should
be recorded so that any necessary corrections and other considerations can be made.
When weight change placesthe child at the borderline between scan modes, scanningin
both standard and low-density or pediatric modes isrecommended. This creates acom-
parable scan for the previous measure and a new baseline scan for any future follow-up.
When making these decisions, it isimportant to consider the additional radiation expo-
sure from repeat scans.

Use of the auto-low-density analysis method (Hologic Discovery) will allow theresults
to be compared to alarge pediatric reference database collected using this software (5).

Figure 2 illustrates a successful series of measurements over a 2-yr period beginning
at age 16 in a boy being monitored for the effects of three monthly intravenous
bi sphosphonate treatments.
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Fig.2. Serial scans over a 2-yr period of a child from age 16 to 18 following a bisphosphonate
treatment regime.

WHOLE-BODY SCANS

Thewhole body isalso apreferred sitein children. This scan provides measurements
of total and regional bone and body composition parameters, making it auseful site for
both clinical and research purposes. Growth and disease may affect both bone and body
composition values.

With ol der-generation pencil beam densitometers, whole-body scan timescould be as
long as 10—20 min. With newer fan beam and narrow fan beam machines, scantimeshave
been reduced to afew minutes, thus making it far more reasonable to acquire awhole-
body scan even on ayoung or fidgety child (29).

Although analysis of specific skeletal regions can be performed from the whole-body
scan, the precision is relatively low as a result of the positioning of defining specific
regions. Precision isimproved with the whole-body measurements (30).

When acquiring a whole-body scan, it is important that the child is not wearing any
high-attenuating objects. Ideally, the child should be scanned in a hospital gown or in
light indoor clothing. The operator should be awarethat thick elasticized wai st bandsand
plastic buttons may al so cause problemswith image artifacts. Additionally if body com-
position isto be calculated, polyvinyl chloride (PV C) sheets or pillows, aswell as sand
bags used in positioning, will affect the calculations and should therefore be removed
from the scanning table.
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Whole-body scanning can be performed in children with internal high-attenuating
objects (e.g., metal rods, pins, or plates) if they arelikely to remainin situ for follow-up.
However, special attention should be given to the analysis and interpretation of such
scans, especially when attempting to compare them with normal data (Chapter 6).

Positioning for the Whole-Body Scan
In positioning a child for awhole-body scan, the following steps should be taken:

» Check the scanning table for any high-attenuating objects, and remove any pillows or
pads from the scan area.

» Changethe child into ahospital gown or check light indoor clothes for any objects that
may interfere with the scan.

 Forfollow-upvisits, review thescanfromthe previousvisit to assure consistent positioning.

 Position the child in the center of the scanning table, with the head approximately 4 cm
from the top of the scan region.

e Ensure that the child is lying flat and straight within the scan area, with arms placed
alongside the body and the palms flat against the bed. (If the child istoo large to place
his or her hands in this position, rotate the hands so that they are flat alongside, not
underneath, the thighs.)

» Ask the child to relax his or her shoulders. Stretch the child’'s hands toward the foot of
the bed.

» Extend the legs on either side of the central line marked on the table, making them as
straight aspossibl e, and securethem together withaV el cro strap around theanklesor feet.

 Start the scan, reminding the child to lie still (but to not hold hisor her breath). The child
should be ableto lie comfortably in this position for the duration of the scan. For younger
children, it may be necessary to hold either arms or legs to help them maintain this
position. If itisnecessary to hold the child, be aware of wherethe x-ray tubeislocated and
wear suitable protection from the radiation, keeping your handsaway fromthex-ray path.

e Oncethe scan is complete, remind the child to remain still until the scan arm returnsto
its home position, at which point it will be safe to get down from the scan table.

Figure 3 demonstrates acceptable scans of a 12-mo-old infant who is post-liver-
transplantation (Fig. 3A), a 12-yr-old with a history of multiple low-trauma fractures
(Fig. 3B), and a 16-yr-old with galactosemia (Fig. 3C).

For small children, the size of the scan field may be adjusted to reduce the scan time.
However, this may become problematic when comparing scans at follow-up asthe child
growslarger. For very tall adolescents, it may not be possibleto fit the entire body inthe
scanfield; therefore, it issuggested to position the child with hisor her head isjust bel ow
thetop of thetableand with thefeet flexed upward. If the childisstill tolong for the scan
table, the scan should be acquired by excluding the feet from the scan area.

When performing scans on obese adolescents, it can be difficult to position them so
that the entire body isin the scan field. Several techniques can be used in this situation,
depending on thefat distribution. With centralized obesity, the elbows may betoo close
to the edge of the scan field. A folded cotton sheet can be wrapped tightly around the
middle portion of the body to hold the elbows close to the body. In this case, care should
be taken to keep the palms flat on the DXA table. When there is alarge amount of soft
tissue at the hips and the hands are too close to the edge of the scan field, the hands can
betucked under the buttocks, provided the bones of the handsand the proximal femur are
not superimposed. If this modified positioning is used, however, it should be noted that
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Fig. 3. Correctly acquired total-body scans. (A) Child aged 12 mo post liver transplantion; (B) child
aged 12 yr with ahistory of multiple low traumafractures; (C) child aged 16 yr with galactosemia.

theregional percent fat, and possibly the whole-body percent fat, measurementswill not
be correct.

When these techniques fail, an alternative approach is to perform two whole-body
scans, onewith theright side of the patient optimally positioned in the scan field and the
other with theleft side optimally positioned. Thevaluesfor theright and left sidearethen
combined and used as the whole-body measure. In all cases, scans should be monitored
for movement and repeated if necessary.

HIP SCANS

The proximal hip and femoral neck are frequently measured sitesin adults. Scanning
the proximal hip in children, however, is more difficult because the skeletal landmarks
may not be well developed and the femoral neck may be too small for the standard
software. These factors contribute to poorer precision in thisregion. Additionally, there
arefew pediatricreferencedatafor thissite. Thefemoral neck regionisnot recommended
in young children because its changing shape makes longitudinal studies difficult and
unreliable.

Regardless, if a hip scan is warranted, the femoral neck box generated by standard
DXA software for this region of interest may be too large for the anatomy of smaller
subjects. Theoperator can customizethewidth and placement of the neck box for abetter
fit, but this introduces operator-related variability that can also complicate subsequent
studies.
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The advantage of scanning the proximal hipisthat it isapredominately cortical site;
therefore, it allows the evaluation of an alternative bone element. It is also well estab-
lished that bone strength is not just afunction of bone density but also of bone geometry
and bonedistribution. M odel shave been devel oped to assessfemoral neck geometry and
biomechanical bone strength in adults and adolescents (32,33). To date, the evaluation
of strength parametershasbeen cal culated and validated primarily in adults, inwhom hip
fractures are clinically significant (33-35).

Precisionislower at the proximal hip than at the spine. Studiesin adults have shown
that useof bilateral hip measurementsimproved precision (36—38). A further problemfor
hip scansiscaused by malrotation. External over rotation of thehipwill causeanincrease
in BMD values, whereas an internal rotation will reduce the BMD (39).

Positioning for the Proximal Hip Scan
In positioning a child for a proximal hip scan, the following steps should be taken:

 Place the child on the scanning tablein the supine position, with the head supported by
asmall pillow if necessary.

» Rest the arms on the abdomen above the region to be scanned.

» Rotatethewholeleginward, ensuring that the leg rotates from the hip (to approximately
30°) and not from the knee.

 Attachthefoot to the hip-positioning aid supplied by the manufacturer. (When perform-
ing dual hip measurements, position each hip separately to avoid overabduction by the
adult hip positioner.) It should be noted that some hip-positioning aids are too large for
young children, resulting in Plexiglasin the scan field. This can lead to uninterpretable
results.

 Starttheacquisition at the poi nt recommended by the DX A manufacturer, reminding the
child to stay still for the duration of the scan.

e Observetheemergingimage. Thefemoral shaft should be parallel to the edge of the bed,
the scan should start well below the lesser trochanter, and the image should include the
total hip region.

 If the hipis either over- or underabducted, reposition and restart the scan.

» Stop the acquisition a short distance above the acetabulum.

The acquired scan should include aportion of the femoral shaft, the femoral neck, the
whol eof theacetabulum, and part of thepelvis. Figure4illustratestwo correctly acquired
hip scans. Figure 4A showstheimmature hip of a4-yr-old with Ol. Figure 4B showsthe
mature hip of a 16-yr-old with anorexia nervosa.

Even adevel oped femur may be problematic to scan and analyze, asillustrated by Fig. 5.
Figure 5A shows the shortened femoral neck of a 16-yr-old with Charcot-Marie-Tooth dis-
ease. Thechildin Fig. 5B isawheelchair-bound 10-yr-old with OI. The unusual load on
her femur and femoral neck hasresulted in an increased angle between the femoral neck
and shaft and, hence, an unusual femoral neck morphometry.

The greatest challenge in the use and interpretation of hip scansin childrenisin the
analysis procedure. Especially in younger and smaller children, the software can fail to
properly identify the midline and the border of the greater trochanter. Longitudinal com-
parisons are particularly challenging due to the changes in bone size as children grow.
Guidelinesfor longitudinal analysis of scans are provided by McKay et al. (40) and are
discussed in Chapter 6.
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Fig. 4. Correctly acquired hip scans. (A) Child, aged 4 yr, with osteogenesisimperfecta; (B) child,
aged 16 yr, with anorexia nervosa.

Fig. 5. Problems associated with hip morphometry of underloaded bones. (A) Child, aged 16 yr,
with Charcot-Marie-Tooth disease (walkswith crutches); (B) child, aged 10 yr, with osteogenesis
imperfecta (mostly wheelchair-bound).

OTHER SITES

Distal Radius and Lateral Distal Femur

The distal radius and lateral distal femur are scanned less commonly in children,
although they can provide useful information, particularly for those unableto lie still or
who are too contracted for awhole-body exam and those who exceed the weight limita-
tions for the table.

Theradius can be scanned using either axial and peripheral devices(41). Itisusual to
measure the nondominant arm at the ultradistal and distal third section. Withinthesetwo
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regions, it is possible to measure sections of predominantly trabecular (in the ultradistal
radius) and cortical (in the distal third section) bone.

The forearm-positioning device should be used if the child islarge enough to reach it
while keeping the elbow at shoulder level and flexed at a90° angle. For smaller children,
cushions may be needed to achieve the proper position, or the child may need to sit on
hisor her parent’ slap. When these positioning techniquesfail, thechild can bepositioned
prone on the table with the arm extended above the head and centered on the table
(without the positioner).

In patientswithjoint contractures, it may bepossibleto performalateral distal femoral
scan. Thisscan isachieved by placing the child on hisor her side on the scanning table,
with the femur to be imaged parallel to the edge of the bed (Chapter 9, Fig. 6). Theleg
isusually scanned using forearm software and isanalyzed using the forearm subregional
analysis software with an adapted technique (42).

Calcaneum

The calcaneum can also be measured using an axial densitometer, but it is more
commonly measured using a portable peripheral device. Note that reference data in
children are sparse for this trabecula-rich site.

INTERFERENCE

Artifacts

Unfortunately, afrequent problem when scanning children is interference caused by
metal artifacts and motion. Problems caused by artifacts should be limited to only those
resulting from immovabl e objects such as pins, plates, rods, and feeding tubes. External
highly attenuating objectssuch asleg braces, plaster casts, or monitorsshould beremoved
prior to scanning, or the scan should be reschedul ed to when they are no longer required.

Figure 6 illustrates examples of both removable and immovableinternal and external
artifacts. Child A hasbilateral hipandkneeprosthesesincludedinthescanfield. Artifacts
such as these may not cause too much interference for longitudinal scanning if they
remain in place for the follow-up period, but they will affect the ability to compare the
resultsto reference data (Chapter 6). Child B has a subclavian portocatheter in situ that
could not be removed. Child C has aplaster cast on her left leg and the scan should have
been delayed until the leg cast had been taken off. Finally, child D isayoung child with
quadriplegiawhoison continual ventilation. Theinductionloopsrequiredfor thechild’'s
ventilation could not bemoved and, therefore, the best acquirable scan wasachieved with
them in place.

When it is not possible to remove the interfering object or to postpone the scan, data
from the whole-body scan can be used by interpolating the values for the affected side
based upon results from the unaffected side.

Not all artifacts are limited to the whole-body scan. Figure 7 illustrates a sel ection of
spine scans affected by immovable internal artifacts. Excluding a specific region of
interest during analysis may reduce the effect of such artifacts, but the exclusion makes
comparison to areference range difficult.

Unavoidableinterferences may also occur asresult of the child sclinical condition or
treatment. Figure 8A illustrates acommon pattern of high-density endplates associated
with bisphosphonate treatment. Figure 8B illustrates a child with primary oxalosistype
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Fig. 6. Whole-body artifacts. (A) Bilateral hip and knee prostheses; (B) subclavian portocath;
(C) lower leg plaster cast; (D) ventilator connectors.

Fig. 8. Artifactsresulting from treatment or clinical conditions. (A) Infant, aged 3 yr, with osteo-
genesis imperfecta, after bisphosphonate treatment; (B) child, aged 4 yr, with primary oxalosis
type | and calcium deposits in his kidneys.
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Fig. 9. Exampleswhere poor edge detection has occurred. (A) 14-yr-old child with dermatomyo-
sitis and extremely low spine density and less than 4% body fat; (B) 16-yr-old child with brain
tumor and associated obesity with more than 60% body fat; (C) 6-yr-old child with marked
lymphedema and fluid overload.

I, in whom kidney calcium deposits may affect soft tissue estimation. For suggestions
regarding analysis of these scans, see Chapter 6.

Poor Edge Detection

Poor edge detection may be aresult of photon starvation (when not enough x-rayscan
pass through the body) at the detectors or poor tissue differentiation observed with ex-
tremely low density bone. Figure 9 illustrates three examplesin which poor edge detec-
tion has occurred. Figure 9A isof a 14-yr-old with dermatomyositis who has extremely
low spine density and lessthan 4% body fat. The 16-yr-old in Fig. 9B has abrain tumor
and associated obesity: the child has more than 60% body fat. The 6-yr-old childin Fig.
9C has marked lymphedema and fluid overload.

Inall of these examples, the densitometer had difficulty distinguishing between bone
and soft tissue, which resulted in erroneous val ues being generated during the analysis.
With densitometers that allow for modifications in the acquisition parameters, photon
starvation can be overcome by rescanning the child in a different scan mode using an
increased sampletime. Poor tissue differentiation may be overcome at the analysis stage
by analyzing the acquired image with a specific low-density analysis package.

For the spine, the low-density analysis mode available in the older QDR 2000 and
QDR 4500 models results in values for BMD that are significantly different from the
standard analysis mode (43). The most recent version of the Hologic (Watham, MA)
softwarefor the QDR Discovery includesan auto-low-density analysis. BMD valuesfor
this mode do not differ as greatly from standard analysis mode results as older low-
density softwareversions. However, itisuncertainastowhether thereisasignificant bias
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Fig. 10. (A) Lumbar spinewith small lateral movements; (B) total-body scan with asmall lateral
movement of the head.

associated withthisanalysismode (44). Use of the new “ auto-low-density” softwarewill
ensure that the scan results obtained are comparabl e to the pediatric reference data pro-
vided by the manufacturer, which were obtained from healthy children using this soft-
ware (5).

Similar changes have occurred in the pediatric whole-body analysis mode. Because
the detection algorithm can have a significant impact on the results for BA, BMC, and
BMD, itisof critical importancethat the reference data used to interpret theresults have
been obtained using the same scan analysis procedures.

M ovement

The most common problem when scanning young children is movement, which may
result in as much as a 4% increase in BMD values (46). Although most analysis tech-
niques can cope with asmall amount of movement (Fig. 10), any movement in the scan
field will reduce the measurement precision and may produce unreliable results. If the
child is unable to stay still for the duration of the scan, the following points must be
considered.

» How urgent isthe scan? Can it be delayed until the child is older and able to understand
and cooperate better?

» Would practicing remaining still be helpful ? Sometimes this can be done at home prior
to scanning.

* |ssedation necessary? It is not always young children who require sedation; sometimes
older children with learning difficulties may require sedation to achieve an analyzable
scan (Fig. 11).
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Fig. 11. Effect of sedation. (A) Unsedated 18-yr-old child with cerebral palsy; (B) sedated 11-yr-
old girl with cerebral palsy.

The aim of this chapter has been to give general guidelines for scan acquisitions that
areappropriateto most children scanned on most DX A machines. Obviously, each center
will have different scan protocols, and these should be followed as closely as possible.
The operator should always minimize radiation exposure by only performing clinically
useful scans. By explaining theproceduretothechild, theoperator islikely toreducefear,
to maximize cooperation, and to obtain scans of the highest possible quality.

SUMMARY POINTS

« Different age groups require unique considerations with regard to obtaining the optimal
scan.

» Every effort should bemadeto preparethechild and family prior tothe procedureto avoid
having to repeat scans.

» Specific details are provided for positioning patients for the three most frequently used
scans. spine, total body, and proximal femur (i.e., hip).

 Spinescanscan beperformed on most pediatric patients Spinereference datafor children
ages 3 and older are provided in some software.

 Total-body scans can be performed on all pediatric patients who are able to remain till
during the procedure without sedation. Gender-specific pediatric reference ranges for
patients age 3 or older are provided in some software.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Hip scans can be performed on older children, in whom the hip is more devel oped.
Pediatric reference ranges for children ages 5 and older are provided in some software
programs.

Other scans such asthe distal radius (i.e., the forearm), the lateral distal femur, and the
calcaneum are currently used primarily for research purposes or in special populations
(Chapter 9).

Scan interference such as movement, attenuating artifacts, and excess fluid should be
reduced asmuch aspossible. Thismay requirepostponing scansif therearenonremovable
artifacts or the child is unable to cooperate. If the scan is required urgently, selective
skeletal sites may be analyzed or sedation may be needed (to avoid motion).
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INTRODUCTION

Analysisis akey step between image acquisition and the interpretation required for
clinical decisionmaking. Thetechnol ogist performing thisstepisresponsiblefor making
informed decisions to provide accurate baseline and serial measurements. Originally,
software programs were designed to analyze the adult skeleton, that is, askeleton that is
fully mineralized with well-devel oped skel etal landmarks and regions of interest (ROIS)
that do not change markedly in size or shape over time.

Numerous models of dual-energy x-ray absorptiometry (DXA) densitometers from
each of the three manufacturers and several corresponding software versions are avail-
able (Chapter 3), which makesit essential to pay attentionto the version of hardware and
software used. Applying these standard adult programs and protocols when analyzing
pediatric scans has posed several problems that have not been adequately addressed in
instrumentation manuals.

Children’ sundermineralized bones and small bone size can makeit difficult for stan-
dard softwareto differentiate bonefrom soft tissueand to identify skeletal landmarksthat
are used to determine the ROI. Thisis aproblem for pediatric scan analysesfor severa

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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reasons: (1) untrained operators may havedifficulty defining the ROI for the hip or spine
when these are not fully developed; (2) the DXA software may not detect undermine-
ralized regions, resulting in systematic bias; and (3) the US Food and Drug Administra-
tion (FDA)-approved auto-analysis softwareis currently not designed to handle changes
in bone size over time.

This chapter will address (1) the fundamentals of analysis; (2) differences among
manufacturers and models; (3) software differences regarding the analysis of pediatric
scans, and how software can affect results and interpretation; and (4) analysisissuesand
recommendations for how to analyze each site. For many of these topics, there are no
standard, established approaches, so decisions will have to be made by individual tech-
nologists, clinicians, and researchers, who must have full awareness of the implications
of these decisions.

Issuesinherent to differencesin DXA manufacturer, model, and software arerelevant
both to baseline interpretation of clinical scans and to follow-up measures. For clinical
interpretation to be meaningful, patient scan acquisition and analysis modes should be
equivalent to the normative data to which they are to be compared. If differences exist,
clinical assessment should be made with caution and with full awareness of the popula-
tion from which the normative data were collected. Furthermore, with changes in the
DXA hardware or software version, comparison of sequential resultsin clinical patients
or research subjects (enrolled in longitudinal trials or multicenter research centers) may
be jeopardized.

FUNDAMENTALS OF ANALYSIS

Theaccuracy of analysisdependslargely onthequality of the scansobtained. Correct
patient positioning during scan acquisition is critically important for appropriate scan
analysis. Scanswith poor patient positioning are unacceptabl eand shoul d not beanalyzed
because the result may be significantly affected by poor positioning. (Detailsregarding
correct positioning for pediatric patients are provided in Chapter 5.)

With high-quality scans, analysis is fairly routine given the current auto-analysis
software for most instrument models. However, the growing skeleton provides unique
challenges that standard software may be ill-equipped to automatically handle. For
example, low mineralization and changing skeletal size and shape often mean the
automatic analyses will misplace the ROIs.

Analysis of spine, whole-body, and proximal femur scans is typically a four-step
process. (1) identifying and choosing among the available software for the DXA machine,
(2) confirming or correcting the global ROI, (3) confirming or editing the bone map, and
(4) confirming or modifying subregional landmarks.

Spine Analysis

For spine scansin particular, Hologic densitometers have several analysis programs
including abasic lumbar spine analysis, the L egacy low-density software (LDS), asub-
regional analysis program, and the recently introduced auto-low-density software. The
lumbar spine softwareis chosen for most analyses; the LDS and auto-LDS options will
be discussed under “ Specific Pediatric Software: Spine” and “ Specific Pediatric Soft-
ware: New Software Versions,” respectively.

Thespinal global ROI hasadefined pixel width and adjustabletop and bottomlines. The
global ROI may beadjustedtotheleft or right sothat it can be centered around thevertebral
column; however, the box width isnot adjustable. Thetop linefor ROl must be positioned
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within the intervertebral space between T12 and L 1. The bottom line of the ROl must be
positioned within the intervertebral space between L4 and L5. These lines may be angled
dlightly if necessary to account for alterations in spine physiology such as scoliosis.

Oncetheglobal ROI isadjusted, thebonemap iseither confirmed or edited. Then, the
threehorizontal intervertebral linesare placed betweenL1andL2,L2andL 3, and L3 and
L4. Theselines should be adjusted up or down so that placement is between each of the
defined vertebrae. There may be instances in which the software is unable to discern
intervertebral spaces and does not automatically providelines (e.g., if thegloba ROl is
altered considerably with follow-up using the “compare” mode*). In this case, one or
more lines must beinserted to complete the analysis. Oncethe lines are placed, confirm
that the vertebral body labels are correctly assigned. Then, finally, results can be gener-
ated. Of note, some centersuseonly L2-L 4, whereas othersuse L 1-1L 4. Either approach
isvalid; however, consistency among individuals within clinical centersisimportant.

For Norland densitometers, point resolution can be set a priori by the operator when
conducting scans on smaller patients; however, the system automatically regul ates pho-
ton flux for the patient’ sbody size. Therefore, it isunnecessary to vary scanner settings.
There are no major differences in the final assessment of spine scans for children as
compared to adults.

Whole-Body Analysis

Several software programsare availablefor the analysis of whole-body scans, includ-
ing whole-body fan beam software, pediatric whole-body software, and auto-whole-
body software. Specific software versions are discussed under “Specific Pediatric
Software: WholeBody.” Ingeneral, thetotal-body scanisawaysanalyzed in subregions
that must be defined by the technologist during analysis. There are 10 subregions: the
head, the left and right arms, the left and right ribs, the thoracic and lumbar spine, the
pelvis, and theright and | eft legs. Once again, the quality of the scan isimportant as poor
patient positioning or movement will affect the accuracy of the analysis.

Subregions arefirst defined by adjusting the three horizontal lines provided. Thefirst
isplaced just below the patient’ sjaw, the second is placed between T12 and L1, and the
thirdlineisplacedjust abovetheiliac crest. Next, thevertical linesareadjusted. Twolines
are placed on either side of the spine; two lines are placed between the arm and chest
regions, running through the glenoid fossa; two lines are placed on the outside of theleg
regions, and the last line is adjusted to separate the legs and feet. When necessary, the
lines surrounding the pelvis may need to be adjusted so that the femoral neck is bisected
on both sides. Oncethelinesare correctly placed, confirm that the subregions of interest
are correctly assigned. Then, finally, results can be generated.

*The" compare” modeallowsbaselineand follow-up scans (for spine, hip, or thewholebody)
to be viewed on the screen at the same time. Thisis useful even in growing patients, allowing
technol ogists to place ROIs using similar bony landmarks and to identify any changesin posi-
tioning that may influence results.

Theanalysisapproachissimilar for General Electric (GE) Lunar and Norland densitometers.
Again, the auto-analysis program identifies where the bone edges appear to be and places the
global ROI andintervertebral linesappropriately. Neither Lunar nor Hol ogic densitometersbend
linesor anglethe ROI inthe auto-analysismode, so technologistswill haveto assesswhether the
ROI and lines need to be adjusted and whether the software placed the ROI over the correct
vertebral bodies.
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Again, the analysis approach is similar for GE Lunar densitometers, although GE
Lunar also has an extended subregional analysis reporting (for gynoid and android
regions) and, in addition, allows easy exclusion of the head region from the cal culated
totals. (It isalso possible to manually subtract the head region from totals with Hologic
software.)

For Norland densitometers, finer resolutions may be presel ected by the operator, but
the analysis approach for a pediatric patient is similar to that for an adult patient.

Proximal Femur (i.e., Hip) Analysis

The proximal femur only has one method of analysis but slightly different guides,
depending on whether you have disk operating system (DOS) or Windows software.
Understanding the DOS analysis parameters provides a greater understanding to the
Windows version.

For analysiswithin a DOS system, once the scan has been acquired, the global ROl is
defined. For Hologic, the distal side of the ROI is placed 5 pixels out from the most
prominent portion of the greater trochanter. The bottom side is placed 10 pixels below
the bottom of the lesser trochanter. If no lesser trochanter is visible, the bottom lineis
placed at apoint two timesthe height of the greater trochanter, measuring down fromthe
top of thetrochanteric region. Thetop and media sides of the box are placed 5-10 pixels
out from the acetabulum.

Oncetheglobal ROI isset, the boneis mapped. At this step, there are two waysthat the
analysismay need to be adjusted. If the map isvery poor, the global ROI may be enlarged
by moving the upper inner corner a greater distance away from the head of the femur,
giving the software more soft tissue to use in differentiation from bone. The system may
have also identified some of the tendon as bone. If thisisthe case, the tendon may need
to be deleted away from the bone.

Once the map is complete, the next step isto let the software determine the midline,
Ward'striangle,* the base of the greater trochanter, and the neck box placement. If the
midlineisnot running perpendicular to the narrowest part of the neck region, theanalysis
must be adjusted. A misplaced midline can be caused by very low density or by unusual
proportionsin agrowing child. By increasing the global ROI upward and in so that there
isadditional soft tissue to compare to bone, the software may find the midline more accu-
rately. If themidlineisstill off, it can be manually adjusted. However, it can bedifficult to
reproduce the analysis if adjustments to the midline are made, so it is best to use auto-
analysis for the midline when possible.

The next step isto place the neck box on the neck region. It will come up at adefault
width that should not be changed unless the top of the box isin the head of the femur or
the bottom is overlapping the ischium. If either of these is the case, the box should be
moved or, possibly, narrowed the smallest amount possible. Any changesin the size or
location of the neck box should be noted on the report. It is not recommended that this
region be narrowed lower that 12 pixels. In addition, if the width of the box is adjusted,
itwill not be possibleto apply bonemineral apparent density (BMAD) equationsbecause
the equations assume this region is at the default box size.

*We do not recommend using Ward' striangleregionin children. Thisregionisdefined asthe
region of least density within thefemoral neck. Therefore, theregionisinadifferentlocation for
each child and may change locations over time, making interpretation somewhat meaningless.
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Arrow keys are used to place the femoral neck ROI so that the lower outer corner is
just touching the bone in the neck region at the point where the curve of the greater
trochanter meets the curve of the neck region. The other three corners must be in soft
tissue. If thepatientisvery small or hasavery short hip axislength, it may not bepossible
to place the neck box without overlapping theischium region. Inthiscase, go back to the
mapping step and manually del ete boneaway fromtheneck region by carefully following
along the neck with the del ete function and then drawing straight in from the head of the
femur to the edge of the global ROI. Once this region is deleted, place the neck box
appropriately.

Thelast thing to check isthe placement of the base of the greater trochanter. If itisnot
resting at the correct anatomical location, it also can be adjusted. Onceall of thelinesare
placed correctly, press“end.”

Windows versions have a preset dual-lined edge for setting the global ROI. The ROI
is set by resting the innermost of the two lines at the distal side against the edge of the
greater trochanter, the innermost of the two bottom lines at the base of the lesser tro-
chanter, or the bottommaost line at two times the height of the greater trochanter. The
upper and medial sides’ innermost lines are placed at the edge of the acetabulum. These
dual linesalready havethe af orementioned 5- and 10-pixel spacing. Navigation between
stepsis done by clicking on the desired step.

GE Lunar hasadlightly different ROI, which usesthe midline placement and triangu-
lation to place the lower edge of the global ROI; it may or may not be able to calculate
atotal hip value. The neck region for Lunar is still perpendicular to the midline but is
located in the center of the whole neck region.

For Norland densitometers, the femoral neck region is typically adjusted from the
routine 1.5 cm used for adult patients to something smaller, depending on the size of
the child. Similarly to the other two systems, all four regions are reported after analysis:
the femoral neck, the trochanter, Ward' s triangle, and the total.

MANUFACTURER, MODEL, AND SOFTWARE DIFFERENCES

Bone minera density (BMD) results for the same person measured on instruments
from different manufacturers can differ by as much as20% (1). Theseclinically signifi-
cant differencesmay bedueto unique softwareand acquisition methods; for example, GE
Lunar instruments use different scan modes based on patient weight to enhance bone
detection, whereas Hologic scanner software is typically weight-independent (with the
exception of anew software version discussed under “ Specific Pediatric Software: New
Software Versions’). These differences are most notabl e in the unique placement of the
neck box and inthelocation of the hip region, in which, depending on the software used,
varying amounts of femoral shaft are included in the ROI. As aresult of these discrep-
ancies, it is recommended that, if possible, the same instrument, model, and software
version be used to assess an individual patient over time.

Although ideal, it is not always feasible to conduct serial measurements on identical
instruments, aswould be the casefor apatient who receives care at multipleclinicsor for
clinics that have upgraded their DXA technology over time. In an attempt to allow
comparisons among manufacturers and to reduce the range of error among systems, the
three most common instrument manufacturers (Hologic, GE Lunar, and Norland) estab-
lished cross-calibration factorsthrough the I nternational Standardization Committee(2).
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The standardized BMD (sBM D) score permits comparison of results obtained on differ-
ent instruments. The SBMD is expressed in mg/cm? to avoid confusion with manufac-
turer-specific BM Ds, which are expressed in g/cm? (2—4) (see Appendix B at the end of
the volume for conversion equations) Essentially, the BMD result obtained on each
manufacturer’ s densitometer can be converted to an SBMD score.

Thismethod may not besuitablefor all clinical or research purposes, particularly if the
ROI captured is not comparable. Furthermore, data used to develop agorithms for the
sBMD weregathered only inadults, and, to our knowledge, no studieshave assessed their
applicability in pediatric scans. Therefore, caution should be used when applying the
formulae to pediatric scans. Regardless, it does improve the overall comparability of
BMD data collected on different instruments.

Of note, even different densitometer model s produced by the same manufacturer may
yield different results (5). The older Hologic QDR-1000W densitometer used a single-
beam (i.e., pencil beam) x-ray mode, whereas newer Hol ogic densitometers have either
both single beam and the morerapid fan beam capabilities(i.e., QDR-2000) or fan beam-
only capabilities (i.e., QDR-4500, Delphi, and Discovery). Results obtained from the
QDR-2000 using the single beam mode correlate better with the QDR-1000W than do
results obtai ned using thefan beam mode (2,5). M ost recently, narrow fan beam technol-
ogy has been introduced into the latest GE Lunar models (Chapter 3).

Themeasurement of soft tissue composition by DXA isalsoinstrument- and software-
dependent. Body compositionresultsmay vary substantially (upto 20%) among different
densitometer model sfrom the same manufacturer (5) and even among different versions
of software (6). Standardized conversion equationsareavailableintheliteraturefor body
composition values (7,8). Despite the availability of these equations, the differences
among models can be sizable.

Although manufacturers are reasonably careful to calibrate new software versionsto
makethe BM D comparableto previousversions, itisimportant to be awarethat software
changescan, and do, alter resultswhen comparing scansin asingle patient over time. Of
particular relevance for children is the Hologic pediatric total-body software, which
presents substantially different values for body composition than the standard software
for young patients (see “ Specific Pediatric Software: New Software Versions').

If equipment must be upgraded or replaced, the effects on results must be considered.
If only softwareanalysisversionsareupgraded, itisusually possibletoreanalyzeall prior
scans using the new software so that follow-up values will be less divergent. If the
instrument isreplaced, itisideal to determine differences between densitometer models
by invivo testing. If the clinic hasthe ability to maintain both instruments concurrently,
at least asubset of subjectscan be scanned on bothinstrumentson the sameday, and their
values can be compared. If thisis not possible, the change in instrument manufacturer,
model, or software should be noted on the clinical report.

SPECIFIC PEDIATRIC SOFTWARE

Spine
Thestandard adult spine software may not be abl eto di stingui sh between bone and soft
tissue when scanning very young subjects or those with very low bone mass. An esti-
mated 40% of chronically ill children under age 12, and even healthy children under age
8, may have inaccurate spine scan results due to failure of the standard bone-edge-
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Fig. 1. (A) Standard analysis of the lumbar spine using an early version of the adult software
(Hologic, version 8.20a:5) in an 8-yr-old boy. Thisillustratesthat the auto-analysis software does
not detect all the vertebrae; only the lowest lumbar vertebrae (L4) is completely detectable. (B)
The“ctrl/home” function improves the amount of bone detected, and L1 and L3 are now partially
detectable. (C) However, the operator is still required to manually “paint” in other areas within
vertebrae as bone.

detection algorithmto identify and measurecompletely all four vertebrae (9). For example,
the automatic analysis using Hologic software (version 8.20A:5) for the spine scan of an
8-yr-old boy identified only one complete vertebrae (L4) as bone (Fig. 1A); it partially
recognized the other three vertebrae (L 1-L 3) asbone (Fig. 1B). Thisoccurs becausethe
software makes the assumption that a spine should be continuous. If islands of bone are
identified, thenthey are assumed to be nonspineartifact and are removed by the standard
software.

Prior to the addition of the auto-paint function, the technol ogi st was required to manu-
aly fill in, or hand-paint, the bone that was not detected, directing the system to identify
material in the areathat represented bone (Fig. 1C). The addition of auto-paint and fill-
in functions reduced the manual process to outlining the bone region. Any of these
manual processes introduces error because they are dependent on the technologist’s
perception of what isand isnot bone, and they result inlossof the systematic algorithm’s
threshold definition of the bone edge (9).

Inanefforttoaddressthislimitation, Hologicintroduced | ow-density softwarein 1993
toimprove detection of low-density bonein children and severely osteopenic adults. The
option can beinstalled on al Hologic densitometers. If the bone mapisincompl ete using
the adult mode of analysis, LDS is recommended by manufacturers. The LDS option
lowersthethreshold density valueto allow identification of pixelsasbonethat would be
classified assoft tissueor woul d go undetected using the standard adult anal ysissoftware.
LDS improves the detection of the bone edge and reduces the likelihood of manual
intervention by the technologist (Fig. 2) (9).

Asthisisan operator-selected mode chosen at the time of scan analysis, it ispossible
to analyze the same scan in both the LDS and the standard adult mode for comparison.
The bone values acquired with standard and LDS modes differ considerably, making it
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Standard Software Low Density Option

Fig. 2. Low-density software (Hologic softwareversion 7.20 and LDSversion 4.74A:1) improves
the automatic detection of bone in pediatric spine analysis, as shown by the increased number of
vertebrae identified. Technologists should be aware of the drastic difference in values using the
low density software. (See text for full explanation.)

critical to be aware of which softwareisbeing used. The LDS mode increasesthe detec-
tion of low-density bone in children and reduces technologist intervention; however,
there are systematic changes in bone values caused by this change in sensitivity. The
algorithm increases the area of bone detected, and values for both bone area (BA) and
bone mineral content (BMC) increase substantially. The LDS analysisincludes regions
at the margins of bone that are relatively undermineralized (compared with the regions
detected by the standard mode software). Thisresultsin BMD values that are substan-
tially lower (~9% on average) withthe L DS option (using standard softwareversion 7.20
and LDSversion 4.74A:1; Fig. 3) (9).

When compared with manufacturer normative data not analyzed using LDS, aclini-
cally significant reductionin spine Z-score of 0.7 standard deviations (SDs) resulted. To
account for thiseffect, the manufacturer hasrecommended that Z-scores beincreased by
a 0.7 SD when comparing to reference data not collected using LDS. As Leonard et al.
(9) described, LDSisableto accurately predict standard BMD; however, giventherange
in Z-scores observed, one single correction factor may not be sufficient.

Obesity may further complicatethe LDSanalysisasthegreater tissuethickness modi-
fies the relationship between the LDS and the standard software. LDS has been shown
to predict BMD dlightly higher in obese vs nonobese children (p = 0.07) (9).

Because of the large magnitude of differences, LDS and standard software modes
should not be used interchangeably. Scans analyzed with the LDS mode should not be
compared with published reference data obtained with the standard software (9). There
are currently no published normative data using LDS. This software discrepancy is not
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Fig. 3. Comparison of bone mineral density (BMD results between the standard and low-density
software (LDS). BMD valueswere 8.7% lower using LDS. Diamonds, healthy children; squares,
chronically ill children; triangles, obese children. (Reproduced from ref. 9, with permission.)

anissuefor GE L unar usersbecausethe sameal gorithmisused to detect bone edge across
all age groups.

Other complicationsthat arise during the analysisof spine scansarerelated to the auto-
analyze software. This software may fail to correctly identify the lumbar spine vertebrae,
may misplacethe global ROI, or may misplaceor fail toinsert intervertebral lines. These
problems arise frequently in pediatric undermineralized lumbar vertebrae. Additionally,
auto-analysis software is unable to accurately analyze more complex anatomy such as
scoliotic spines. Technologists must be trained to recognize the anatomy of the lumbar
spineand to override the auto-analysis mode when necessary. Somerecommendationson
how to analyze scans of patients with altered body postures are provided in Chapter 9.

Whole Body

Adult versionsof softwarefor whole-body scan analysisoftenfail toidentify thesmall
bones of the hand and other undermineralized skeletal areas.

Algorithmsused to quantify composition of thehead may not beapplicablein children.
Furthermore, children have a disproportionally large head in comparison to body size.
Thecombination of thesetwo factsmay lead toinaccuracy inthecal cul ation of total-body
BMC and BMD. Thisinaccuracy may be increased when applied to longitudinal mea-
sures because as a child grows, the skeletal portion below the neck increases in bone
mineral content. However, the total-body BMC or BM D may not be sensitive enough to
detect these changes given the disproportional contribution of the head region. For this
reason, it is recommended that the head region be deleted from total-body analyses. To
better identify the small or undermineralized bones, pediatric analysis modes have been
devel oped for both Hol ogic and GE L unar instruments. GE Lunar hasalso modified their
analysis software to alow for selective inclusion or exclusion of the head region.

The Hologic pediatric mode was designed for analysis of whole-body scansto assist
in the identification in small or young children of regions such as the hands and feet,
which may go undetected with standard software. The principles of the pediatric mode
for thewhole body arethe sameasfor LDSfor the spine. The pediatric modediffersfrom
the standard adult option by lowering the attenuation threshold for pixelsidentified as
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containing bone. The pediatric option alters only the analysis and does not require any
changes in data acquisition or scanning procedures. For this reason, researchers and
clinicians have the option of analyzing the scan using both standard software and the
pediatric mode. Therearefew scientific publicationsthat usethe pediatric analysismode
for whole-body scans as this software is relatively new.

Hologic hasnow incorporated thispediatric software optioninto the standard software
package for all fan beam instruments (i.e., the 4500A, Delphi, and Discovery). Impor-
tantly, the Hologic Discovery system doesan automatic adjustment for children under 40
kg (i.e., 88 Ibs; see “Specific Pediatric Software: New Software Versions’). This has
seriousimplications for longitudinal scans, and clinicians must be aware of which soft-
ware was used in analyses for accurate interpretation.

Aswith the LDS software for the spine, the pediatric whole-body software reassigns
pixelsfrom the soft tissue cl assification to bone classification, which causes more pixels
to beidentified as containing bone, thusincreasing BA. The additional pixelstend to be
along the bone edge; thus, they do not contain asmuch mineral asother pixels. Therefore,
BMCwill increase, but proportionately lessthan BA, soresulting BMD valuesarelower.
In addition, the number of pixelsidentified as lean and fat tissue change dramatically
(Leonard M B, unpublished observation). The extent of these changes has not been estab-
lished, but at thispoint, it appearsthat using the pediatric whole-body analysismodewill
increase the fat-to-lean ratio, resulting in higher values for the percentage of fat.

Whole-body BA, BMC, and BMD obtained from scans analyzed using the pediatric
whole-body mode correl ate well with the standard adult software (r2 > 0.94; Fig. 4), but the
absolutedifferenceinresultsisdramatic. In 352 boys(n=175) and girls(n=177) aged 10—
13 yr, BA was 25% greater and BMC was 18% greater (Fig. 5), but BMD was 13% lower
when using the pediatric mode compared to the standard software (M cKay HA,, unpublished
data). In a group of healthy children and children with chronic disease, BA increased an
average of 38-45%, BMC increased 34-40%, and BMD decreased 3-5% when using the
L DS software (10). In addition, differences varied across disease groups (10).

Equally important, thedistinct softwareversionsresultin marked apparent differences
inlongitudinal changeinBA, BMC, and BMD. Correlationfor 1-yr changeinBA, BMC,
and BMD were moderate (R? < 0.79, Fig. 6), and valuesfor change were —-9%, —2%, and
+6% different for BA, BMC, and BMD, respectively, using the pediatric mode (McKay
HA, unpublished data). A 6% differencein changein BMD isequivalentto at least a0.5
SD and would affect the apparent Z-score for the child. Thus, it iscritical that all DXA
users are aware of these important differences and that they use the same mode for
analyses when assessing change in whole-body bone mineral or body composition over
time. If the same mode cannot be used for technical reasons, the changein mode must be
stressed, with warnings about potential inaccuracies of interpretation.

Proximal Femur

Asanalysisand positioning of the proximal femur (i.e., hip) inchildrenareparticularly
complex, it is often recommended that the total hip and femoral neck not be used for
clinical purposesin children. For DXA centersthat opt to perform proximal femur scans,
it isimportant to understand the challenges that are inherent to their analysis.

First, skeletal landmarks such asthelesser and greater trochanter that are used to place
regions of interest are less visible (or nonexistent) in many children. The visibility and
prominence of the lesser trochanter isimportant because operators use this anatomical
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structureto determinethe degree of rotation of thefemur during positioning and to define
the bottom border of the proximal femur ROI. As aresult of ill-defined skeletal land-
marks, auto-analyze modes of standard proximal femur software often incorrectly place
anatomical markerssuch asthetrochanteric border (Fig. 7) or themidline, which areused
to position other regionsin the proximal femur analysis. The software has certain expec-
tations regarding the general anatomy of ahip and may not place subregions correctly if
the hip isastrange shape dueto differing growth patternsor disease state. Changesto the
sizeof theROI (i.e., global or femoral neck) caninfluencea gorithmsand outcomes. The
specifics of proximal femur analysis issues are discussed under “Analysis Issues and
Recommendations for Scan Analysis: Total Hip and Femoral Neck Analysis.”

New Software Versions

Both GE Lunar and Hologic have recently upgraded their software used to analyze
pediatric spine, proximal femur, and whole-body scans. Hologic’ s Delphi and Discovery
systemsnow have auto-low-density spine, hip, and auto-whol e-body analysiscapahilities,
and the 4500 model s may al so be upgraded to this software change aswell. These software
changes were in response to the concern of imprecise assignment of bone and soft tissue
using the LDS and standard whole-body software. Auto-whole-body analysisisonly pos-
sible if the system is also configured for body composition analysis because the mass
measurement isused to make adjustmentsin the bone detection threshol d. The system will
automatically use this analysis mode in patients measuring between 8 and 40 kg.

Thesenew softwaremodeshavethe potential to cause much confusionfor theunaware
user, especialy if apatient changesweight andiswithintheweight range (8-40kg; 17.6—
88 1bs) at one visit and above the range for the next. The system uses the software based

Fig. 6. ( opposite page) Correlations for changein (A) total-body bone area; (B) bone content; and (C)
bonemineral density for pediatric total-body and adult softwarein 352 boys (n=175) and girls(n=177),
aged 10-13 years. R2valuesare substantial ly lower for change compared to cross-sectional comparisons.
Values for change also differed substantially (see detailsin text) (McKay H, unpublished data)
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Fig. 7. Automatic placement of the proximal femur region of interest on ayoung child using the
Hol ogic auto-analyze mode. Arrows point to misplacement of the trochanteric region of interest
and Ward' s triangle on the proximal femur scan.

not on the entered weight, but on the weight measured by the system. DX A technol ogists
must be aware of which software was used and whether a change in software occurs, as
it isimportant to take into account how this will affect the results.

In both the auto-low-density spine and proximal femur analysis software, changesto
the older algorithmswere made so that it isno longer based on abone threshold concept.
For exampl e, the spine software uses anatomical assumptionsto refinethe bone mapping
process; the skeleton is assumed to be articulated, the center of mass of the vertebral
bodies are assumedto lie near the center of the image, and the adjacent vertebral bodies
are assumed to liewithin a certain distance of one another.

One concern is that most of the currently available pediatric reference data were
generated using adult analysis software. Hologic has recently compiled data collected
from pediatric subjects measured on Hologic 4500 instruments from five centers. Nor-
mative data curves were generated for age 3—20 yr for the spine, proximal femur, and
whole body, but these are published only in abstract form (11,12). These reference data
are currently available for the newer Hologic models (i.e., Discovery) and as a software
upgrade for older models (i.e., version 12.3).

GE Lunar hasal so responded to the need for normativedatathat can be applied totheir
pediatric software, but at present they haveonly spineand whole-body curves(13). These
datawere collected from morethan 2000 healthy children between 5 and 20 yr of ageand
were measured on either DPX or Prodigy series scanners (spine: 1135 females, 924
males; total body: 821 females, 673 males) (13). GE Lunar is currently extending data
collectionto children asyoung as 3 yr and isincluding proximal femur scans (GE Lunar,
personal communication).
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GE Lunar makesthe additional effort to adjust for frame size by comparing height for
age, BMC for BA, and BA for height. Some of these alternative strategies such asBMC
for BA areconsideredingreater detail in Chapter 10. Futurestudiesareneededtoevaluate
the use of these new approachesin longitudinal studiesand inchildren with altered body
composition. These changes illustratethe rapidly evolving nature of the field.

Normative data available for Norland densitometers was gathered in 1995 from 433
females and 345 males between the ages of 2 and 20 yr. Similar to GE Lunar software,
only datafor spine and whole-body scans are currently available (14).

ANALYSIS ISSUES AND RECOMMENDATIONS FOR SCAN ANALYSIS

Thereisaclear need to standardize analysis protocolsfor clinical and research usein
growing children. Itisimportant to bear inmind, however, that the protocol of choicewill
depend on the clinical or research question being asked.

Several challengesexist when analyzing scansin the growing skeleton. Theseinclude
general issues such as poor identification of skeletal landmarks, giving rise to incorrect
placement of the ROI; a paucity of general guidelines for proceeding with adapting
analysis as the skeleton changes size; and undertrained technologists. There are also
manufacturer-specific software and hardware issues such as poor mapping of bone
related to either scan mode or edge detection algorithms and auto-analyze featuresthat
continue to require technologist intervention.

Prior to the most recent release, the Hologic user’ s guide suggested that the pediatric
mode be used for children aged 4-12 yr. Thereisno clear justification provided for the
suggested upper age limit.

It may bemoreappropriateto basethecriteriafor selecting the pediatric analysismode
on patient height or body weight. It has been suggested by somethat 30 or 40kg (i.e., 66
or 881b) be used for acutoff and that, below these weights, the pediatric software should
beused (opinion). However, the pediatric analysismodemay berequiredto analyze scans
of children who weigh more than 40 kg if they have markedly reduced bone mineral
content.

There are currently no standard guidelines, and most published pediatric normative
data have used the standard adult analysis modes, making interpretation of results from
pediatric analysis difficult. The newest versions of analysis for the whole body from
Hologic automatically choose auto-low density analysisbased on the weight assessed by
thebody composition analysissoftware. The operator must useclinical judgment regard-
ing selection of the mode (pediatric vs standard) for analysisin casesthat are dependent
upon the ability of the standard adult software to detect bone margins. It may also be
useful to analyzethe scanin both modesto maximize availabledatafor comparison at the
time of future scans.

Spine

Analysis of spine scans in pediatric patients is similar in some respects to adult os-
teoporotic patients. Prior to the most recent software release, it was often necessary to
manually define the ROI if avertebradid not have connectivity to the rest of the spine.
In addition, auto-analyze software often incorrectly identifies vertebral levelsand is not
equipped to automatically bend theintervertebral linesof scoliotic spines. Thetechnol o-
gist must befamiliar with spine anatomy and should be prepared to reanal yze these scans
asneeded, either by moving theglobal ROI to cover the correct levels, by adding abridge
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to create connectivity, or by manually determining where the intervertebral line should
be placed to adjust the line for curvature. The newest software is more effective at
identifying bone within the vertebrae; however, scoliotic spines may still require inter-
ventionduringanalysis. If significant adjustment isrequired duringtheanalysis, it should
be noted on the patient’ s report.

Whole Body

Aswith the spine analysis modes, it isimportant for technol ogists to be aware of the
whole-body analysis mode currently in use for their scanner and to be familiar with its
limitations. Thereareinstitutionsthat routinely performwhole-body scansininfantsand
young children for research and clinical purposes (Chapter 9). The GE Lunar Prodigy
scanner will soon be able to assess whole-body BMD in infants who weigh aslittle as 2
kg (i.e., 4.4 1b; persona communication); however, this software is not currently com-
mercially available. Of particular interest isthe latest analysisversions available on GE
Lunar instruments, which allow for exclusion of the head region (13). Hologic has also
stated that removing the head subregi on may giveamoreaccurate assessment of thetotal -
body BMD, but they do not currently offer this option in the auto-analysis package; the
subtotal results represent BMC, BA, and BMD for the whole body including the head.
Pediatric normative data is currently only available for scans collected with the head
subregion included in the analysis.

Atthistime, itisnot recommend to scan young childrenwhoweighlessthan8kg (17.6
Ib) for clinical purposes.

Total Hip and Femoral Neck Analysis

As mentioned previously, assessment of total hip scans in children is fraught with
complexity. Analysisbecomes particularly complicated during the assessment and inter-
pretation of serial scansbecause, in children, the proximal femur changesin both sizeand
shape (Fig. 8). These issues have been examined in a longitudinal study of children
scanned using standard Hologic software (15). Several approaches were employed to
analyze longitudinal data, and these gave differing results. In analyzing longitudinal
changesin total hip scansin 40 healthy children over an 8-mo period, if the global ROI
was increased over time (as the hip region grew), BA increased by 3.2% and BMC
increased by 3.7% more than if the regions were analyzed using an unchanging global
ROI (Fig. 9). Thisdifferenceis substantial, approximating the magnitude of changein
proximal femur BMC over an entire year’ s growth during prepuberty (3—4%) (16,17).

When differing methods of analysis for the femoral neck box (Fig. 10) were applied
to scans collected from 10 healthy children over a 7-yr period, the magnitude of change
inBA and BM C varied depending onthemethod used. M ostimportantly, however, BMD
valueswerefairly robust and did not changesignificantly with different analysesasBMC
and BA changed in similar magnitude and direction (Fig. 11).

Historically, analysis of the femoral neck box was operator-dependent; all aspects of
the ROI size and placement were controlled by the operator. Manufacturer recommen-
dations have changed over time; because there are, to our knowledge, no published
recommendationsasto how pediatric hip scansshould be analyzed, operators have often
narrowed or shortened the femoral neck ROI depending on the size of the child being
measured.
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Fig. 8. Hip scansfrom one child measured annually from age 9to 15 yr. Clear changesin thesize
and shape of the hip occur with normal growth.

Fig. 9. lllustration of how the size and position of the global region of interest can change signifi-
cantly for a proximal femur scan as a child grows. Time 1, solid lines; Time 2, broken lines.
(Reproduced from ref. 15, with permission.)
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Fig. 10. Schematicillustration of differencesin the size and positioning of the femoral neck (FN)
subregion of interest among (A) default, (B) decreased width, (C) decreased length, and (D)
changed location of analyses. (Reproduced from ref. 15, with permission.)

This decision presents potential problems both for clinical assessment and research
studies. If the neck box isreduced from the standard width, certain equationsto adjust for
size(e.g., BMAD) arenolonger applicable, and comparison with normative datamay be
invalid. Inaresearch setting, if thefemoral neck ROI sizeisreduced for smaller children
as compared to larger children within the same study, the BA and BMC will vary con-
siderably among children; values may change for an individual child simply because
technol ogistschoosedifferent analysismethods. For exampl e, if anarrower femoral neck
ROI were selected, BMD values may be similar but BMC and BA values could be 13%
less than those for same-aged children whose scans were analyzed using the system
default (15).

BMD valuesfor both the proximal femur and femoral neck appear to be morerobust,
but the association to fracture risk and BMD is not clear. Similarly, the location of the
femoral neck ROI may also influence study outcomes. If thefemoral neck ROl ismoved
to the center of the femoral neck and away from the medial border of the greater tro-
chanter, BA and BMC increase by approximately 3% (18).

GE Lunar hasrecently released aversion of software that will take into consideration
the size of the bone being analyzed, althoughit iscurrently not approved by the FDA and
isonly availablewith Institutional Review Board (IRB) approval (personal communica-
tion). Studies examining the reliability of pediatric scan analysis using other DXA sys-
tems are needed.
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Fig. 11. Resultsof trend analysiscomparing regression slopesfor bone area, bone mineral content
(BMC), and bone mineral density (BMD) at the femoral neck across7 yr. Scanswere analyzed by
four methods (Fig. 10), with no significant differences observed in areal BM D among methods as
BM C and bone area changed in similar magnitude and direction. (Reproduced from ref. 15, with
permission.)

If biologically feasible, the system-derived ROI should be used when possiblefor both
theglobal ROI and, especially, for thefemoral neck ROI. Maintaining thesize of thisROI
isideal but may bedifficult in studies of children younger than 8 yr. The global ROI will
increaseasachild grows, but cliniciansand researchersshoul d be awarethat the apparent
effect of an intervention may be confounded when changesin global ROI are required.
It is recommended (and insisted, by reviewers) that all clinical reports and research
manuscriptsinclude adescription of how pediatric scansare analyzed if aprotocol other
thanthesystemdefaultisutilized. Cliniciansshould determineastandard protocol for use
within their clinics and should ensure that al technologists consistently use the same
analysis protocols.

FOLLOW-UP SCAN ANALYSIS

Analysisof longitudinal changesin hip and spine DXA datain growing children can
proveto bedifficult. Although no one approach has been shown to be best, some sugges-
tions can minimize error. When possible, one operator should acquire and analyze all
scans (baselineand follow-up) for anindividual patient so that consistency of procedures
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will be optimized. When that is not possible, protocols should be standardized among
technol ogists. Changesfrom the default analysis software should be minimized, and any
changes to the default mode must be stated in detail in the DXA reports or in scientific
publications. Documentation of manufacturer, model, and software should be noted on
al clinical reports, and particular comments should be included on serial reports when
there have been changes made to the model or software used.

Manufacturers recommend that the compare mode of analysis be used to analyze all
adult follow-up scans. It may not be possible to employ the compare mode and maintain
the same-sized global ROI in longitudinal exams of children who are growing rapidly.
The compare function can and should be used, however, to ensure asimilar positioning
of the regions of interest between time points, to help the operator identify positioning
errors (19) and to minimize changes in the ROI. Regardless of the method used, it is
important that technologists in the same clinic agree on a consistent protocol for all
children and at all examinations and that researchers report details of scan analysesin
manuscripts.

CONCLUSIONS

We concur with the International Society for Clinical Densitometry (ISCD) (20),
which recommends that, for children, “serial BMD studies should be done on the same
machine using the same scanning mode, software, and analysis when appropriate.
Changes may be required with growth of the child.... Any deviation from standard adult
acquisition protocols, such as use of auto-low density software and manual adjustment
of the region of interest, should be stated in the report.”

SUMMARY POINTS

» Most DXA software has been developed for adults, which leads to difficulties in the
analysis of pediatric scans.

e Basic analysis of pediatric spine, hip, and whole-body scans differ slightly among den-
sitometer manufacturers (i.e., Hologic, Lunar, and Norland) and instrument models.

» Manufacturerswill likely support their most current versions of any software and equip-
ment packagesincluding the pediatric analysis software. DXA centers must be aware of
the impact of changing software and hardware on results so asto avoid erroneous inter-
pretations of longitudinal data.

e Standard, low-density, auto-low-density, and pediatric whole-body software (Hologic-
specific) givedifferent results. Low-density softwareand pediatric whole-body software
give substantially higher BMC and BA values and lower BMD compared to standard
software. Body composition values also change with variable effects on lean mass, fat
mass, and percentage of body fat. As the child approaches 40 kg (i.e., 88 Ib), the new
Hologic software will revert to adult analysis.

 For Lunar instruments, the mode of scan acquisition will likely need to be changed from
thin to standard when a child approaches 40 kg (i.e., 88 Ib).

» Standard criteria for when to implement pediatric analyses have not been established.
Recommendations are usually based first on the weight of the patient, and then on age.
Analyzedatain both the standard and low density modeswhenever possibleto allow for
more accurate interpretations of change at subsequent follow-up scans.

» For analysis of pediatric whole-body scans, it is recommended that the head region be
deleted during analysiswhen this software option isavailable and corresponding norma-
tive data exist.
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14.

15.

16.

17.

18.

19.

20.

Asaresult of the complexities of positioning and scan analyses in the proximal femur,
it is suggested that the femoral neck or total hip scans be used with caution for clinical
purposes when working with children.

Ideally, the same instrument model and software mode should be used for repeat scans
onindividual patients. However, if the samemode or software cannot be used, thechange
must be documented, with warnings about potential inaccuracies of interpretation.
Regardless of the method used, thoughtful analysis and standardized protocolswithin a
clinic or research study are crucial.
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INTRODUCTION

As with scan acquisition and analysis, interpretation of pediatric dual-energy x-ray
absorptiometry (DXA) scans presents a myriad of challenges. Historically, DXA was
developed predominantly for the diagnosis and management of postmenopausal os-
teoporosis. For older adults, the amount of bone mineral massis areasonable surrogate
of bonestrength because adult bonedoesnot change muchin sizeor shape,* and low bone
mineral density (BMD) measured by DXA is predictive of fragility fractures.

However, children arenot small adults. In children, bonemineral massand areal BM D
arestrongly related to growth attained, and bonefragility may betheresult of many other
factors. In contrast to adults, the size, shape, and mineralization of achild’ sboneschange
rapidly over timedueto growth and maturation changes (see Chapter 6, Fig. 8). The pace
of growth and maturation is variable, especially surrounding the ages when peak height
velocity and sexual maturation usually occur. During thisagerange, itispossibleto have
two children of the same age with considerable differences in body size and physical
maturity (Fig. 1) or two children of the same body size and maturity who are of very

*Even this concept must be qualified. Long bones (such as the proximal femur) continue to
expand throughout life to compensate for the loss of bone mass. This expansion causes DXA
BMD values to decrease even though bone bending strength may remain stable (1,2).

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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Fig. 1. Children of the same age can have pronounced differences in body size. For example,
among normal healthy 13-yr-old boys, stature can range from 142to 171 cm (i.e., 4’8" to5'7").

different ages. Consequently, it is difficult to categorize aDXA BMD measurement as
normal or abnormal for an individual child without consideration of additional factors.

Asdiscussed in Chapter 3, bone mineral content (BMC) and BMD arevery much size
dependent. DXA systematically underestimates BMD in asmaller individual because it
isanareal (g/cm?), not avolumetric (g/cm?3), measure. Thislimitation of DXA isparticu-
larly important in pediatric evaluations. Children with chronic diseases that place them
at risk for poor bone mineral accrual because of malabsorption, poor dietary intake,
inflammation, reduced physical activity, or medications are also likely to have delayed
growth and maturation rel ative to same-age peers. In order to assess whether achild has
inadequate bone mineral accrual, it isimportant to consider whether low BMC or BMD
is the result of short stature or delayed maturation vs a primary abnormality in bone
metabolism. Aspart of agrowth assessment, pediatricianswill takeinto account the stage
of maturity, gender, and ethnicity of the child. Similar considerations need to be applied
in the evaluation of bone heath, and a DXA measurement should be one of severa
components of amedical evaluation.
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NORMATIVE DATA

| deal Characteristics of Reference Data

Thefirstimportant stepintheinterpretation of DX A measurementsin pediatric patients
isthe appropriate selection of reference data. Reference data should have several char-
acteristics, especialy if used proscriptively (i.e., to define healthy bone mineral status)
(3). The reference data should be derived from a sample of healthy children who are
representativeof theoverall population. Healthy children can bedefined asthosewho are
free of chronic diseases, medication use, and physical limitationsthat might affect bone
mineral accrual. They should also be of normal nutritional, growth, and developmental
status because these are also known to affect bone mineral status. Because of the possi-
bility of regional differencesin lifestyle, ethnic composition, sunlight exposure, and so
forth, a multiregional sample is optimal. The sample must be of sufficient size to ad-
equately characterize the variability in bone measures for each gender. Because the
variability in bone measures increases with age, it is important to assure a reasonable
distribution of the sample by age so that the age-dependent differencesin variability are
also fully characterized in the data set.

Handling of the reference data, once collected, is important. Use of a mean and a
standard deviation (SD) is the most common approach to the use of reference data.
However, because the distribution of bone measuresis sometimes skewed, more sophis-
ticated biostatistical techniques are required. A variety of these sophisticated statistical
models have been proposed, including parametric regression modeling (4,5) and the
LMS method (6). The LM S method uses a power transformation to normalize data. The
optimal power to obtain normality is calculated for a series of age groups, and the trend
issummarized by asmooth (L) curve. Smoothed curvesfor the mean (M) and coefficient
of variation (S) are also acquired, and these three measures, L, M, and S, are used to
describe the data distribution.

Presently, there are no reference data sets for bone mineral measuresin children that
meet all of these criteria. Asdescribed below, development of apediatric reference data
set that meets most of these criteriaisin progress.

Calculation of the Z-Score

Ultimately, reference data are used to calculate a Z-score or an SD scorethat is used
asanindicator of bonemineral status. When using themeanand SD to cal culateaZ-score,
the following formulais employed:

Z-score = (observed — mean) / SD

When the LMS method is applied, a more complex equation is required, using the L
(skewness), M (median), and S (coefficient of variation) values:

Z-score = ([(Observed value/ M)-] —1) / (L x S)

A BMC or BMD Z-scoreisused asan indicator of bonemineral status, just asaheight
Z-scoreisused asanindicator of growth status. Children whose BMC or BMD isclose
to the median for their age and gender will have a Z-score of zero. A Z-score of 2
correspondsto the 97th percentile, and aZ-score of —2 correspondsto the 3rd percentile.
An advantage of Z-scoresover percentilevaluesisthat very low or very high valuesthat
are outside the reference population distribution (i.e., >100th percentile or <Oth percen-
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tile) can bequantified. Thisisespecially important for longitudinal follow-up of children
withlow BMD, asit alowsfor quantifying the changesin BMD relativeto the expected
values for age and gender.

Selection of Reference Data

Options for selecting pediatric reference data include (1) using the manufacturer’s
database, (2) comparing your data to published data, or (3) using locally collected nor-
mative values. Each approach has its benefits and limitations. As with all decisions
related to acquiring, analyzing, and interpreting DXA scans, the most important point is
for the clinician to be aware of the method used and the limitations involved.

Asnoted in Chapter 3, DXA results obtained with machines from different manufac-
turers and, in some instances, different software versions by the same manufacturer are
not always comparable. Thus, selecting a database established with the same software
version and hardware version by the same manufacturer is ideal. The selection of a
reference database from the same manufacturer is absol utely essential, because the con-
version equations between manufacturers are based on adults (7) and have not been
validated for children. Using the manufacturer’ s dataset is appealing because of the ease
of availability and thefact that datawere collected on instruments by the same manufac-
turer. However, reference datamay have been collected using differing versionsof DXA
software from those currently employed. Furthermore, details related to the size and
demographics of the population studied are not typically provided. The advantage of
using published normative data is that details of the population are described in the
manuscript. Unfortunately, many of the normative data studies of bone development in
children suffer from a sample size inadequate to provide sufficient normative valuesfor
children acrossvarious maturational stagesand ethnic and gender groups. Most pediatric
BMD referencedatasetsusedto cal culate Z-scorescontain small numbersof participants
within each age category and may not adequately characterizenormal variability inBMC
or BMD.

An earlier comparison of published pediatric DXA normative data revealed differ-
encesin the age-specific meansand SDsfor BMD and BM C that will alter the cal cul ated
Z-score. Age-adjusted SD scores (Z-scores) varied by asmuch as1 SD, depending upon
the normative data used to cal culated them (8) (Fig. 2). Use of reference data that were
not gender-specific resulted in significantly greater misclassification of malesashaving
BMD values below —2 SDs (8).

SomeDXA centershavecollected their own normativedataby scanning otherwisehealthy
childrenfrom the clinicsand the community populations. Useof local reference datamay be
advantageoussincethe cohort may bemoresimilar in ethnicity and lifestyleto the patient
and because the same acquisition and analysis protocols will have been used for DXA
studies. Thecostsintimeand dollarsto collect normative dataaretoo great for al but the
largest centers.

In 2001, the US National Institutes of Health initiated the Bone Mineral Density in
Childhood Study (BMDCS). Thisstudy aimsto develop longitudinal reference datain a
multiethnic sample of more than 1500 children nationwide using carefully standardized
data-collection techniques. Whole-body, lumbar spine, proximal femur, and forearm
data are being collected, along with skeletal age, puberty status, dietary intake, and
physical activity information. Data collection began in 2002 at five medical centersand
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Fig. 2. Using five different reference data sources, large differences in the estimated prevalence
of osteopeniawere observed. Use of reference datathat was not gender-specific resulted in over-
estimation of the prevalence of osteopeniain males(9). (Reprinted from ref. 8, with permission
from Elsevier.)

isongoing. Healthy children, ages6-17 yr, wererecruited and will befollowed for 5yr.
The BMDCS hasthe advantage of being designed specifically for the purpose of provid-
ing reference data representative of American children (9-11).

While the results of this study are pending, a separate initiative was undertaken by
numerous pediatric researchers in collaboration with Hologic, Inc. The goal was to
develop alarge pediatric database for whole-body, spine, and proximal femur scan data
andtomakeit availablefor usersof Hologic DXA devices(12,13). The sampleconsisted
of dataon healthy childrenfrom six centersaround the United Statesengaged in pediatric
research programs collecting data on healthy children. Although the recruitment criteria
were variable, all scans were obtained on Hologic 4500 or Delphi devices and were
centrally analyzed using the latest generation of pediatric software and the LM S statis-
tical technique (6). These reference data are used to calculate Z-scores for pediatric
subjects in software version 12.3 or higher.

Ethnicity

A final consideration in the selection of reference dataisthe problem of ethnic differ-
ences in bone mineral accrua (5,14-19). In particular, African Americans are noted to
have significantly greater BMD than other ethnic groups. Differences in growth, body
composition, skeletal maturation, and the timing of puberty only partly explain these
ethnic differences. There is no consensus on how to address these ethnic differencesin
evaluating DXA results among pediatric patients, nor are there evidence-based studies
relating to outcomes such asfracturerisk to provide guidance. Additionally, few studies
of ethnic minorities are of sufficient size to adequately serve as reference data.

For adults, the International Society of Clinical Densitometry (ISCD) has recom-
mended that Z-scores and T-scores be derived from reference data based on the Cauca
sian population (20). The rationale for this recommendation, in part, relates to the
difficulty in defining and identifying patient ethnicity, especially for those of mixed
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ethnicity, and the lack of data relating fracture risk to BMD in many ethnic groups. In
addition, when African Americansare compared to aCaucasianreference popul ation, the
comparison results in a lower prevalence of osteoporosis, which corresponds to their
lower rate of fracture.

For children, the correspondence between DXA Z-score and fracture risk is not
defined, and ethnic differencesin fracture ratesamong children are not well character-
ized. Thus, it isnot possible to use the relationship between Z-score and fracturerisk as
a guide in the use of ethnicity-specific reference data in children. The emphasis on
promoting good bone mineral accrual during childhood to attain optimal peak bone mass
would point to theimportance for African American children to attain a peak bone mass
appropriateto their ethnic group. However, thisismore of atheoretically based consid-
eration than an evidence-based one. In the absence of evidence-based guidelinesfor the
use of ethnic-specific reference data, the rational e chosen by the ISCD may reasonably
be applied to children. Alternatively, if ethnic-specific or multiethnic reference dataare
used, it isimportant that this factor be explicitly stated in the reporting of results.

INTERPRETING SCANS

TheZ-scoreisthe central element ininterpreting the DXA results. Although it cannot
be used for diagnostic classification (asthe T-scoreis used in adults), it is an indicator
of how anindividual child’s DXA result comparesto hisor her peers. For example, 3%
of the population of healthy children will have a Z-score less than —2. When evaluating
anindividual child with aZ-score lessthan —2, one must consider whether the childisa
member of the 3% of children in this segment of the population distribution or whether
thechildisfailing to accrue bone appropriately. Thisquestion can never be answered on
the basis of a DXA result alone, and additional risk factors such as multiple fractures,
bone pain, small body size, delayed maturation, physical activity level, medical history,
and nutritional status must be considered. As with a height or weight measurement, a
BMCor BMD Z-scoremay beanindicator of anunderlying problem. A low (<—1) or very
low (<—2) Z-score should trigger a set of additional diagnostic evaluations to better
identify the nature of the abnormality.

A childwithaBMC or BMD Z-scorethatisnot inthe“low” or “very low” range may
still be failing to achieve his or her genetic potential for bone mass. Twin studies and
parent—offspring comparisons have shown that BMD has a high heritable component
(21-24). However, at present, there is no way to estimate this genetic potential. In a
growth evaluation, parental height is used to estimate the genetic potential for linear
growth, and atarget height range can be identified. Unfortunately, at this point, we are
far from being able to estimate a comparable measure for target range for the genetic
potential for height. A somewhat analogous concept is that of optimal peak bone mass,
or the maximum bone mass that a child can attain in young adulthood under ideal con-
ditions such as good health, adequate intake of calcium, and weight-bearing physical
activity (25). Particularly in the presence of risk factorsfor low BMD, monitoring bone
mineral accrual and adjusting modifiable factors such as diet and physical activity may
serve the purpose of taking steps toward achieving optimal peak bone massin achild at
risk for poor bone mineral accrual and suboptimal peak bone mass.

Intheclinical care setting, anumber of approacheshave been used to adjust for factors
associated with low bone density. Because BMD is influenced by skeletal maturation,
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some clinicians use bone age in the BMD evaluation. Bone age is determined by com-
parison of aleft hand and wrist radiograph to an atlas or standard showing typical stages
of development in healthy children. Inthe United States, the Greulich and Pyle atlas (26)
ismost commonly used. This atlas was based on 1000 radiographs obtained from Cau-
casian children participating in the Brush Foundation study between 1931 and 1942 in
Cleveland, Ohio. Theatlasconsistsof aseriesof plates(hand—wrist x-rays) that represent
the typical bone development of children at various ages: from birthto 18 yr in girls, and
from birth to 19 yr in boys. The children were evaluated within a few days of their
birthday, sotheboneagesareage-centered, meaning the standardizedimagerepresenting
bone age at 10 yr for boys represents boys who are 10.0 yr of age. The atlasincludes a
table with the SD in months for each bone age.

Outsidethe United States, the Tanner-Whitehouse |11 method iscommonly used (27).
This scoring system differs from the Greulich and Pyle method in that the 13 bones (the
radius, theulna; thefirst, third, and fifth metacarpal ; and the proximal, middle, and distal
phalanx) arecomparedto referenceradiographsand pi ctogramsand areassigned arating.
The corresponding score from theseratings are referred to asthe radius, ulna, short bone
(RUS) score. An independent scoring system is also provided for the carpal bones.
Because the bones are rated individually, this scoring system allows for uneven matura-
tion of the bonesin the hand and wrist. Thetotal scoreisused to calculate bone age. The
bone ages assigned are based on longitudinal datafrom the Harpenden study, conducted
inthe United Kingdom in the 1950s and 1960s (number of radiographs[n] = 3000), with
additional datafrom studies of children from Belgium in the 1970s (n = 30,872), Spain
inthe 1980s(n=5266), Japanin 1985 (n=1075), Italy inthe 1990s (n = 1831), Argentina
in 1972 (n = 775), and the United States from 1985 to 1995 (n = 1090).

Presently, there are no published BMC or BMD reference data relative to bone age
using either bone-age scoring system. However, in healthy children, bone age has been
found to be a good predictor of BMD (28), and delayed bone age is associated with
fracture (29). In addition, as shown by Moraet al. (30) in alarge, multiethnic sample of
healthy children in the United States, with bone age assessed by the Greulich and Pyle
method, the variability in the difference between skeletal and chronological ages was
quite large and varied significantly by ethnic group. Jones and Ma (29) also found large
deviations between skeletal and chronological agein healthy Australian children. Bone
ageisoften advanced in obese children (31), so theincreasing prevalence of overweight
and obesechildren may contributeto thedifferencesbetween boneageand chronological
age. Therefore, itisnot likely that the distribution of BMC or BMD for bone ageisthe
sameasthedistribution of BMC or BMD for chronol ogical age. However, inthe absence
of an alternative, some clinicians substitute the bone agefor achronological agein using
age-based reference data to calculate a BMD for age Z-score. In one study of children
with Crohn’ sdisease, it was shown that this approach only had asignificant effect on the
findings when bone age was more than 2 yr less than chronological age (32). Because
bone age corresponds generally to pubertal maturation andisclosely linked tothetiming
of the adolescent growth spurt, this approach has the advantage of taking into account
biological maturation in the assessment of BMC or BMD.

Another approach that issometimes used clinically isthe substitution of height agefor
chronological age in the calculation of a BMD Z-score. Height age is calculated by
identifying theageat whichthechild’ sheight isthemedian height. Thisapproach hastwo
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problems. For children with growth abnormalities, the use of height age hasthe potential
to force a comparison with an age group that is developmentally inappropriate. In other
words, this technique is likely to result in the comparison of a short pubertal child to
reference values for children within a prepubertal age range. Because of the profound
effects of puberty on bone mineral accrual, thistechnique is particularly inappropriate
and is not recommended.

Although there are no established guidelines on how to account for pubertal statusin
theevaluation of DXA results, advanced or delayed puberty isanimportant consideration
in the overall interpretation. Pubertal status is categorized according to the stages de-
scribed by Tanner (33) for breast development in girls, genital development in boys, and
pubic hair devel opment for both sexes. Testicular volume may al so be assessed and used
in defining pubertal status. When it is not possible to obtain information about pubertal
status by physical exam, a self-assessment pictorial questionnaire can be used (34).

Evenif achild sBMC or BMD fallswithin anormative referencerange, there may be
additional factorsthat placethechild at risk for fracture. Asan example, aseverely obese
child may have anormal or increased BM C for chronological age (35,36); however, the
|oad to the skeleton places the child at increased risk for fracture (37,38). Although this
isatheoretical concept at present, current studiesinvestigating bone quality in addition
to quantity may provide understanding of these complex issues of bone strength (25).

Asdescribed inthe Chapter 10, researchershave been devel oping and testing avariety
of other approaches to account for factors associated with bone mineral accrual in the
calculation of Z-scores, such as height, lean body mass, and ethnicity. However, few are
feasible for usein aclinical setting. The reference data currently under development by
HologicandtheBMDCSwill ultimately provideBM Cand BMD val uesrel ativeto height
and bone age, overcoming the limitations of the approaches discussed previously.

Longitudinal Follow-Up

As noted in Chapter 4, the rate of increase in bone mass during growth and develop-
ment is variable, and, generally, DXA exams are rarely repeated more frequently than
every 12 mo. Occasionally, eval uations made at shorter time intervals are warranted to
monitor responseto new drug intervention or to monitor rapidly worsening clinical status
if they will influence therapeutic decision-making. Longer intervals (i.e., >12 mo) may
also be appropriate. Changesin DXA results should be evaluated in the context of the
growth that has occurred in that interval.

Generally, children who are increasing in height (i.e., are increasing the size of their
skeleton) should increase in BMC. However, it is possible for BMC to increase while
BM D remainsthe same or decreases. Thiscan occur because bone areadoes not increase
at the samerateasBMC. Because BMD istheratio of BMC to bone area, the dispropor-
tionate changesin BM C and bone area can makeit appear asif BMD isdeclining when,
in fact, BM C and bone area are both increasing. For thisreason, longitudinal follow-up
evaluations should consider the changesin all three measures.

In adults, bonelossislikely to bethe main causefor adeclinein T-score. In children,
failure to gain bone at the rate expected for age and sex is the more likely cause of a
declining Z-score. However, bone loss may also occur in childhood, as is likely, for
example, in the case of a child with acute lymphoblastic leukemia (ALL) who begins
glucocorticoidtherapy or achild affected by Duchenne’ smuscul ar dystrophy (39). Again,
thisiswhereinspection of growth status, BM C, bonearea, BM D, and associ ated Z-scores
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ishelpful ininterpreting thefindings. A child whose growth percentileisdeclining isnot
likely tobeaccruingboneat aratethat issimilar to hisor her peers. Thus, that child’ sbone
Z-scores are likely to decline, reflecting afailure to accrue bone at the appropriate rate
rather than an actual loss of bone.

Presently, thereare no reference datafor bone mineral accrual to assistintheinterpre-
tation of longitudinal follow-up results. The National Institutes of Health (NIH)-spon-
sored BMDCS is collecting longitudinal data, and interval data will be forthcoming.
Results from the Saskatchewan Longitudinal Study showed that peak bone mineral ac-
crual occurs after the peak in the adolescent growth spurt in height (40). Thus, although
skeletal growth and bone mineral accrual are closely linked, they do not correspond
exactly, and continued accrual of bone mineral occurs after the session of linear growth.

CONCLUSIONS

As shown in healthy children, DXA BMD is predictive of future fractures; it is esti-
mated that the risk of fracture increases 1.5- to 2-fold for every 1-SD decrease in total
body, spine, or hip BMD (37,41). These findings speak to the importance of DXA in
evaluating bone health in children at risk for poor bone mineral accrual, fractures, and
osteoporosislater inlife, especially within the context of itswide availahility, relatively
low cost, and minimal radiation exposure. Although DXA technology has several limi-
tations, as outlined in previous chapters, it remains a useful tool in the context of these
limitations.

Substantial efforts are underway to devel op appropriate DXA reference datafor chil-
dren and to identify the best approaches to account for important related factors such as
growth, body composition, ethnicity, and skeletal and sexual maturation. DXA evalua-
tioninchildrenwill certainly improveover the coming decades; yet, itisstill auseful tool
when used along with other clinical datato evaluate bone health in children. Great care
should betaken in the selection of appropriate reference datathat most closely match the
device and software version used in the evaluation. Important additional considerations
include the history, the clinical exam (including growth status, bone age, and pubertal
status), the presence of other risk factors (including bone pain and fracture history), and
|aboratory values.

SUMMARY POINTS

Optimal reference data are based on the same software and hardware version used, with

adequate numbers of healthy children within age and gender groupings and appropriate

statistical techniques to adequately capture the normal variability in DXA measures of
bone mineral.

» Reference data should be selected based on (1) data collected from the same instrument
manufacturer and asimilar softwareversion astheclinical scan of interest, (2) provision
of gender-specific reference curves, and (3) a large sample size used to generate the
curves.

» For children, the age- and gender-specific reference values are used to calculate a Z-
score. The T-score should never be used for children.

« BMD or BMC Z-scores cannot be used for diagnostic classification, but they are an

indicator of how a child’'s DXA result compares to his or her peers. Low or very low

scores should trigger additional evaluations; however, even children without scoresin
these low ranges may be not be achieving their genetic potential for bone mass.
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 Interpretation of DXA scan results should be done within the context of other relevant
clinical information such as patient history, growth assessment, clinical exam, presence
of other risk factors, and laboratory values.

» Boneage, particularly if delayed by 2 yr or more, may beauseful aidininterpreting DXA
Z-scores. However, at present, thereareno universally availablereferencedatafor BMD
in relation to bone age. Height—age adjustment can lead to erroneous interpretation and
should not be applied to DXA Z-scores.

» Failureto accrue bone mineral at an age-appropriate rate, rather than bone loss, ismore
likely to occur in children and to cause adeclinein Z-score with longitudinal follow-up.
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INTRODUCTION

Acquisition and accurate interpretation of bone densitometry scans in the pediatric
patient are necessary first stepstoward any clinical assessment process. The dual-energy
x-ray absorptiometry (DXA) report fulfills the role of transmitting data clearly to the
clinician. A timely, concise, andinformativereportisessential to relay the DXA findings
and to avoid costly and potentially dangerous misinterpretations by physicians unfamil-
iar with pediatric densitometry data.

Reportsgenerated using the DX A manufacturer’ sproprietary software have advanced
significantly since x-ray-based bone densitometers were widely marketed in the late
1980s. Typicaly, these reports provide basic patient demographic data and a graphical
image of the skeletal scan, as well as numeric data for bone area (BA), bone mineral
content (BMC), and bone mineral density (BMD) for each region (and subregions).
Additionally, the patient’s BMD data are compared with reference data derived from
healthy controls to generate standard deviation scores. Z-scores represent comparisons
with age-matched norms, and T-scores, comparisons with young adults.

Regardless of the age of the subject, most of the standard software provided by the
manufacturer automatically reports both the T-scores and the resulting diagnoses of
osteopeniaor osteoporosis, as established by theWorld Health Organization (WHO) (1).
The software-generated reports appear to provide acomprehensiveclinical evaluation of
the results sufficient to estimate risk for osteoporosis. However, interpretation based
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solely on these computer-generated reportsis inappropriate and often misleading when
interpreting the DXA results of children and adolescents. Itis crucial that the software-
generated report be modified and supplemented by a formal written report provided by
an expert experienced in interpreting pediatric densitometry.

There arenumerous guidelinesfor diagnosisand assessment of osteoporosisin adults
(2-5). However, guidelines for the reporting of DXA scan results are less common.
General guidelines have been provided for the reporting of adult DXA scanresultsinthe
recent text Bone Densitometry in Clinical Practice: Application and Interpretation (6).
The United Kingdom National Osteoporosis Society published a position statement on
“Reporting of DXA bone mineral density scans’ in August, 2002 (7), and, in 2004, the
International Society for Clinical Densitometry (ISCD) published practiceguidelinesfor
standardization of DXA scanning and interpretation (8).

Toour knowledge, thereareno similar guidelinesfor thereporting of pediatricclinical
DXA results. Thischapter offers guidelines specifically tailored to the pediatric patient.
Examples of reporting formats used at pediatric clinical centersin the United States and
Australia are provided in Appendix D at the end of this volume.

THE DXA REPORT: PURPOSE AND AUDIENCE

The clinical DXA report has three main purposes. (1) to present the numeric datain
a concise, organized, and easily understood fashion to the referring physician; (2) to
provide enough technical information to allow for comparison to subsequent DXA stud-
iesor to those studies done at other sites; and (3) to provide a preliminary interpretation
of thefindingsinaclinical context. Thereport may also include recommendationsto the
patient or physician based on thefindings. Typically, thereport is sent only to therefer-
ring physician. However, some knowledgeabl e families may also request a copy of the
report; therefore, itisbest to provide definitions of all technical and clinical terminology
used and to provide an objective, nonjudgmental review.

Thetechnical DXA report, similarly to other clinical reports, typically hasfive basic
elements: (1) patient demographics, (2) abrief medical history, (3) test results, (4) tech-
nical comments, and (5) interpretation and recommendations. Each element will be
described in detail below, and datathat are typically included in each section are eluci-
dated.

Theformal report may be written by any qualified, knowledgeable expert in thefield.
However, in several regions of the United States, the report must be signed or co-signed
by aboard-certified physician in order to receive insurance reimbursement. For details
regarding training and educational courses available for both technologists and physi-
cians who seek basic knowledge in bone densitometry acquisition and reporting proce-
dures, please see Appendix A.

REPORT ELEMENTS

There is no formal consensus as to the elements that should be provided in every
pediatric clinical DXA report. Tables 1 and 2 list the relevant recommended content for
pediatric patient reports. These elements are provided as guidelines and should not be
considered standard for all institutions. A more abbreviated version of the DXA report
may be used, particularly when thereferring physicianisfamiliar with the procedureand
the resulting data obtained.
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Table 1
Suggested Elements of the DXA Report

|. Patient and provider information

Patient name

Medical record number

Date of birth

Gender

Measured weight, height

Calculated BMI, height, weight % or Z-scores
Primary diagnosis, indications for test

List of current relevant medications

Bone age or pubertal stage

Inclusion of possible risk factors, including documentation of nontraumatic fractures
Calciumintake or use of calcium supplements

II. Test results

Skeletal sites scanned

BMD, BMC, bone areafor each site

BMD Z-scores for each site by chronological age
Z-scores for each site by bone age (if available)

I11. Technical comments

Manufacturer, model of instrument used

Software version (Standard, pediatric, low-density software)
Technical quality of the scans obtained

Limitations of the study (e.g., artifacts, scoliosis)

Pediatric reference source(s) used

IV. Interpretation and recommendations

Qualitative assessment of BMD Z-score results
Recommendations for necessity and timing of follow-up DXA scan studies

Note. The elementsin plain print are considered standard at most densitometry centers. Thoseinitalics
are provided as suggestions. DXA, dual-energy x-ray absorptiometry; BMI, body massindex; BMD, bone
mineral density; BMC, bone mineral content. (Modified from refs. 8,21.)

Patient Demographics

Typically, the report includes basic patient demographics (i.e., age, gender, and
ethnicity or race) and anthropometrics. Weight and height taken at the time of the DXA
scan should always be included in the report. It is very important to document patient
height and weight because DXA measures areal, and not true volumetric, BMD. As
mentioned previously in this text, bone density is underestimated in small patients as a
result of thetwo-dimensional natureof theinstrumentation (9). Documentation of patient
size will be important for interpretation of the scans during the evaluation phase (see
Chapter 7).

Body mass index (kg/m?), growth percentiles, and standard deviation Z-scores for
growth should be calculated using current growth charts. In the United States and Aus-
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Table 2
Additional Elements of the Follow-Up DXA Report (8)

|. Patient and provider information

Indication for follow-up DXA scan
Interval fractures, changein clinical status, medications

Il. Test results

Skeletal sites scanned

BMD, BMC, bone area for each site
Annualized change in BMC, BMD
Change in Z-scores

I11. Technical comments

Which previous scans are being used for comparison?

Satement regarding what denotes statistical significance for changein BMD at the
center, or “ Least Significant Change” (LSC)

Recommendation for necessity and timing of follow-up DXA Scan

Note. The elementsin plain print are considered standard at most densitometry centers. Thoseinitalics
are provided as suggestions. For abbreviations, see Table 1. (Modified from ref. 21.)

tralia, these growth chartsinclude those devel oped by the Centersfor Disease Control in
2002 (10), whereas in the United Kingdom, these are referred to as the UK90 (11,12).
Examples of these growth charts are provided in Appendix.

The demographic and anthropometric data are helpful in determining if body sizeis
sufficiently above or below the expected range to warrant adjusting DXA results. If
warranted, there are a number of recommendations for how to attempt to correct BMD
for the size effects (13). These are explained in detail in Chapters 6, 7, and 10. One
possible scenario isto provide a derivation of volumetric bone density, calculated from
BA and BMC (see Chapter 10).

Medical History

The report should include a brief summary of the clinical history relevant to the
interpretation of the scan. This might include the primary medical diagnosis, the use of
medi cations known to affect BMD (e.g., growth hormone and glucocorticoid therapy),
fracture history, mobility status, endocrine abnormalities, pubertal status, bone age, and
family history of osteoporosis. Physical activity level, dietary history, and use of vitamin
or mineral supplements may also be useful.

Asdiscussed in Chapter 5, clinical information obtained prior to the scan improves
both the acquisition and the interpretation of bone densitometry. Ideally, the patient’s
medical history should be obtained directly from the referring physician. This type of
information is typically gathered with a Referral or Request for Procedure form. How-
ever, patients referred for bone densitometry assessment will come from a variety of
clinical departmentsnot familiar with therequest form, and, therefore, complete medical
history may not be readily available.
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If the referring physician has not relayed the indications for the scan and the relevant
medical history, it is possible to ask the patient, parent, or both to complete a brief
registration questionnaire at thetime of the DXA procedure. Examplesof pediatric DXA
registration questionnaires and request for procedureformsare provided in Appendix D.

The technologist should review the questionnaire with the parent, giving particular
attention to details surrounding fracture history, endocrine or growth abnormalities,
orthopedic surgeries, medication and supplement usage, and family history of osteoporo-
sis. If, for some reason, the questionnaire can not be adequately completed at the time of
examination (e.g., because of alanguage barrier or because the child isnot accompanied
by a parent), the form can be faxed to the referring clinic for completion by a qualified
staff member familiar with the patient after the DXA procedure is compl eted.

Test Results

For each skeletal site that is assessed, BMD, BMC, and BA should be included, as
should the corresponding BMD Z-score, to enabl e the clinician to determineif the mea-
sured values are within the expected range for age. BMC and BAs are used to calculate
estimates of volumetric BMD (i.e., bone mineral apparent density [BMAD]) and should
be included in the report. Reporting BMC and BA also allows the clinician to examine
subsequent changes due to bone growth.

Comparing changes in BMD requires thoughtful consideration in pediatric patients.
Many experts believe that it is more informative to follow changein BMC, rather than
BMD, in pediatric patients because of the variable of growth (for more details, see
Chapter 7) (14). In adult patients, the size of the skeleton remains relatively constant,
making longitudinal comparisonsof BM D appropriate. |n pediatric patients, bonegrowth
leadsto changesin BA aswell as BMC. These parameters may not increase in parallel.
Infact, Bailey et al. (15) have shown that peak height velocity precedes the periods of
peak bone mineral accrual by several monthsin teens. Unfortunately, there is a paucity
of pediatric-specific BMC reference data sets from which BMC Z-scores can be calcu-
lated. For this reason, the BMD Z-scoreistypically reported.

Providing an appropriate BMD Z-score, however, can aso be challenging because
there is currently no universal pediatric reference data set. Many centers utilize the
normative datain the manufacturer’ s software program, whereas others use published or
locally collected reference values. The source of the reference data used to cal cul ate the
Z-score should always be cited in the report because the Z-score will vary if adifferent
reference data set is used (16).

There are a so important limitationsto the pediatric reference datacurrently provided
in the manufacturer’s programs. In some early Hologic software versions, the pediatric
spineBMD reference datawere derived from astudy that did not provide gender-specific
norms. Leonard et al. (16) have shown that the use of these reference data can result in
the overdiagnosis of low bone mass, particularly in adolescent males. More frequently,
the manufacturer’ sreference database will lack complete datafor sites such asthe proxi-
mal femur and thewholebody, or it may not providereference normsbel ow acertain age
(e.g., forinfantsand young children). The printout from the DX A instrument will not list
Z-scoresinthesesituations, or it may delineatethemas“N.A.,” leading theinexperienced
operator or clinician to conclude that reference data do not exist.

In this situation, it is important to search for alternative published reference data to
calculate Z-scores. Chapter 3 and Appendix C provide citationsfor published normative
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Table 3
International Society for Clinical Densitometry (ISCD) Guidelines for DXA
Reporting Nomenclature

Measure Decimal places Example
BMD (g/cm?) 3 0.655
Z-score 1 -15
BMC, spine or hip scan (g) 2 28.52
BMC, whole body scan (g) 0 1652
Bone area, spine or hip scan (cm?) 2 44.66
Bone area, whole body scan (cm?) 0 1850

For abbreviations, see Table 1. (Modified from ref. 23.)

studies in pediatrics. In 2002, data collection began on the Bone Mineral Density in
Childhood Study (BMDCS), funded by the US National Institutes of Health. This study
aims to develop longitudinal reference datain a multiethnic sample of more than 1500
childrenfromtheUnited States. WWhol e-body, lumbar spine, proximal femur, andforearm
data are being collected, along with skeletal age, pubertal status, dietary intake, and
physical activity information. Whileresultsof thisstudy are pending, aseparateinitiative
was undertaken by pediatricinvestigatorsin collaboration with Hologic, Inc. Portions of
these data have recently been incorporated into Hologic DXA software computations
(Hologic Discovery, software version 12.3) (17).

Finaly, the units for reporting DXA results have become more standardized. The
I SCD has published guidelines for nomenclature and has standardized of numeric data
frequently reported (see Table 3).

Technical Comments

Thereport shouldinclude sufficient detail regarding how the DX A was performed and
interpreted to allow comparisons with previous and future densitometry studies. Given
the intrinsic differences between densitometers and the software used for bone densito-
metry assessment, the manufacturer and model of the instrument should be specified
(e.g., Hologic Delphi A) (seeTable 1, and further discussionin Chapter 3). Similarly, the
software mode used to acquire and analyze the scan should also be provided (e.g., auto-
low-density, low-density spine [LDS] software). If reference data are used in the calcu-
lation of Z-scoresthat aredifferent fromthemanufacturer’ snormativedata, itisimportant
that this also be documented.

Prior to the preparation of the report, careful visual review of each scan must be made
toensurethat artifactsdo not affect dataobtained. Thereport should outlineany technical
difficulties encountered with obtaining the scan. Documentation is important, both for
the initial interpretation of the DXA scan and to aert the DXA technologist to these
effectsfor future scan acquisitions. These might include noticeable scoliosis, degenerative
disease, vertebral compression fractures, or nonremovable metal artifacts (see Table 4).
Scans with motion artifacts or removable metal objects (e.g., metal from the underwire
or clasp of abra, abelt buckle, apant zipper, or abelly button ring) should not bereported.
These scans should be repeated before the patient leaves the clinic.
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Table 4
Examples of Technical Problems Noted on Reports

|. Appropriate technical comments

Spine scan Scoliosis noted in lumbar region
Compression fracturein L1, L2—4 used for analysis
Osteoarthritis noted in L1, L2—4 used for analysis

Proximal femur scan L eft hip replacement, right proximal femur scanned
Incomplete hip rotation, prominent lesser trochanter
Whole-body scan Permanent pinsin right wrist secondary to fracture
Gold crowns on molar teeth
[1. Avoidable artifacts
Spine scan Pant zipper artifact in L3, L4
Proximal femur scan Metal coin artifact in pocket, interferes with femoral neck
Whole-body scan Bracelet on left forearm

Underwire brain upper left and right quadrants

I nterpretation and Recommendations

The most challenging and controversial elements of the pediatric DXA report are
“Interpretation” and “Recommendations.” For postmenopausal women, the interpreta-
tion of DXA results are fairly straightforward, based on universaly accepted WHO
criteriafor osteopeniaand osteoporosis(1). However, diagnostic categoriesfor men and
premenopausal women remain controversial (18,19). Guidelinesfor theinterpretation of
pediatric DXA results have been proposed but are not universally accepted (20).

Inadditiontothe BMD Z-score, resultscan also bereported in qualitativeterms. Ashas
been suggested by the ISCD, alabel such as“low BMD for chronological age” may be
reasonablefor pediatric patientswith Z-scoreslessthan—2.0(21). In patientswith delayed
growth or puberty, it may al so be appropriateto adjust for bone sizeand maturation; BMD
or BMAD Z-scores corrected for age, bone age, or pubertal stage, or a combination
thereof, may beprovidedinthese cases. Thelimitationsof these adjustmentsaredescribed
in detail in Chapter 7. If corrections are made, these must be included in the report. For
example, separate Z-scoresin a12-yr-old boy with abone age of 10 yr may be cal culated
based on reference data for healthy males with chronological ages 12 and 10.

An assessment of fracturerisk in children should not be reported based on DXA data.
In addition, the terms “ osteopenia’ and “ osteoporosis’ should not be used in pediatric
DXA reports becausethey refer specifically to WHO fracturerisk criteriadevel oped for
postmenopausal women. Thereareno similar criteriafor osteoporosisbased on BMD for
children, adolescents, or premenopausal women (22).

Interpretation of foll ow-up scansshouldincludeadiscussionon changesinBMC, BA,
BMD, and BMD Z-scores. Infollow-up scans, most pediatric patientswoul d be expected
tohaveanincreasein BMC, BA, and BMD. It isimportant not to confuse anincreasein
BMD or BMC with animprovement in bone mineral status. In order for the changeto be
an improvement, the BMD Z-score of the follow-up scan should be greater than the
previousBMD Z-score. If therehasbeen afall inBMD, examination of changesinBMC
and BA will help explain the reason for the change in BMD (i.e., the loss of mineral or
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anincreasein BA). Someinvestigators have advocated for not including BMD in studies
of growing children (14). For centers with accessto locally acquired reference data that
provide age- and gender-specific BMC Z-scores, these data are preferable. Unfortu-
nately, given the current paucity in the literature of robust pediatric reference data for
BMC by chronological age, the BMD Z-score for each scan is typically reported.

Interpretation of repeat scans also requires attention to physical changes that have
occurred in the growing patient as well as any new pertinent medical findings. These
findings may not be readlistic to follow at all bone densitometry clinics; however, a
comprehensive follow-up examination should highlight important physical changesin
the patient. Specifically, observations of delay in growth or pubertal devel opment of the
child should be acknowledged because these alterations may also affect bone growth.
Significant dietary changes (e.g., the resolution of anorexia nervosa or the initiation of
calcium supplementation) might influence bone health and may be noted. If physical
activity has increased or decreased significantly since the last examination or if the
patient was confined to bedrest asaresult of illnessfor asignificant time period, thistoo
may be noted. Detailing fractures that have occurred is critical, as is documentation of
pertinent medical findings sincethelast examination, for example, bone age assessments
or initiation or cessation of corticosteroid therapy.

Typically, if subsequent scans are to be arranged, they will be completed every 1to 2
yr, and thetime since the last examination should be included. Scans may berepeatedin
aslittleas6 moif apatient has asignificant changein therapy or has had aworseningin
clinical status that might render a greater change in BMC.

However, in order to assess biologically relevant change, cal culations must be made
apriori for what iscommonly referred to astheleast significant change (LSC). TheLSC
takes into account both the instrument’s and the technologist’s precision estimates, as
well asthelevel of statistical confidencethat isthought to be clinically relevant. Details
for performing these precision studies and guidelinesfor how to calculatethe LSC have
been provided elsewhere (6) (see Chapter 3). The LSC should be included in any densi-
tometry report that presentsfollow-up data. Only changesintheregion of interest that are
equal to or greater than the L SC can be considered significant, that is, greater than the
noise of repeat studies.

Other Elements

Other elementsthat are ideally included in aformal DXA report are a header identi-
fying the name of the clinic and the location at which the scan studies were performed,
asignaturelinefor the author of thereport, and afooter that definesall key terminology.

There are advantages and disadvantages to including a copy of the DXA proprietary
softwarereport. Thesereportsprovidetheraw dataonwhichthereportisbased and thescan
imagesinwhich acquisition errorsmay be observed. Unfortunately, thesereportsmay al so
contain the T-scores and the WHO classification guidelines, which are inappropriate for
usein pediatric subjects. Therefore, if included, the finalized report from the DXA center
must caution against the use of the T-score. When the DXA software proprietary reports
areprovided to thereferring physician, the summary report should still includeBMC, BA,
and BMD, and also the complete information on the DXA equipment used, in case the
propriety and summary reportsget separated inthemedical record. For clinicsthat transmit
reports by fax, be aware that color images do not reproduce well in facsimile.
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10.

11.

12.

SUMMARY POINTS

Atimely, concise, andinformative DX A reportisessential torelay densitometry findings
and to avoid costly and potentially dangerous misinterpretations by referring physicians
unfamiliar with interpreting pediatric densitometry data.

Enoughinformation should be providedinthereport to allow for comparisonto previous
and subsequent DXA studies.

Thetechnical DXA report typically has five basic elements: (1) patient demographics,
(2) abrief medical history, (3) test results, (4) technical comments, and (5) interpretation
and recommendations.

Medical history information should be obtained ideally from the referring physician, or
otherwisefromthepatient or parent. Key informationtoincludeinthereport are: primary
medical diagnosis, use of medications known to affect bone, fracture history and when
available, pubertal status, bone age, focused dietary and physical activity histories.
Careful review of the DXA scan images must be made prior to reporting of results to
avoid misinterpretation of the findings based on artifacts in the scan field.

Inclusion of the model and software used for scan acquisition, as well as the reference
data used in the interpretation of the data, is crucial to the pediatric report.

Reporting densitometry datain pediatricsisunique and different than for adult patients—
themost challenging and controversial elementsareinterpretation and recommendations.
Although controversies persist regarding the choice of reference norms or methods to
adjust for bonesizeor maturity, expertsagreethat WHO criteriarelating BM D tofracture
risk and the terms “ osteopenia’ and “ osteoporosis’ should not be included in pediatric
DXA reports.

Sample intake questionnaires and reporting forms are provided in Appendix D.
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INTRODUCTION

A number of physical disabilities and medical conditions may adversely affect the
growth and development of the immature skeleton, including cerebral palsy, muscular
dystrophy, juvenile rheumatoid arthritis, acute lymphoblastic leukemia, cystic fibrosis,
Prader-Willi syndrome, and various hematological disorders (1-8). In these pediatric
patientsat risk for osteoporosis, bonemineral density (BMD) findingsat oneskeletal site
cannot bereliably generalized to other areas of the skeleton (9). Although BMD of the
lumbar spine and hip regions are strongly related in healthy children, considerable ana-
tomic differences between the two sites may become apparent as BMD decreases (10).

Some pediatric conditionsassociated with low bone massmay al so prevent or limit the
use of standard measurement sitesor positioning for densitometry evaluation (11). Chil-
dren with conditions like scoliosis, cerebral palsy, juvenile rheumatoid arthritis, or
muscular dystrophy may have altered body postures or muscular contractures that pre-
ventthemfromlyingflat in asupinepositionfor optimal measurement of the spineor hip.
Childrenwith cognitivedelays, spastic movements, or seizureactivity al so present unigue
challengesfor densitometry measurements because of their inability toliestill unassisted
during the acquisition of the scan (1). Medical instability in premature or serioudly ill
infants may preclude their movement to the scanner site (12).

This chapter provides an overview of strategies used for bone mineral evaluation in
infants and children with physical and cognitive disabilities.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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INFANTS

Densitometry measurements of infants are generally considered a noninvasive re-
sear ch method to assess bone mass and body composition, and thereisan extensive body
of literature on preterm and term infants (12—22). The whole body and lumbar spine are
the most common sites of measurement by dual-energy x-ray absorptiometry (DXA) in
these babies. Analysis of the whole body providesinformation on bone mineral content
(BMC), bone area(BA), and lean and fat mass. M easurements of either the whole body
or the lumbar spineininfants are fast and precise, with low radiation exposure (19,22).
Reference data for preterm and term neonates, however are limited to gestational ages
greater than 27 wk and body weights of 1.2 kg or greater (23). In addition, the risk of
moving a medically unstable hospitalized infant to the scanner site often limits the use
of DXA.

M easurement of the distal forearm and the forearm shaft by DXA has been shownin
small studiesto provideareliablemeasureof BMCand BMD. Highly linear rel ationships
between actual and measured BMC and BMD (r = 0.94 and 0.97, respectively) hasbeen
reported from in vitro precision studies using K,HPO, phantomswith low BMC (simu-
lating aninfant forearm) (24). Asexpected, invivo precision waslower and significantly
affected by patient movement (24). BMC and BMD could beevaluatedin all 25termand
preterminfants studied when alower bone detection threshold was chosen (0.040 g/cm?;
Norland XR-26, pencil beam mode). However, systematic differencesof 10to 20% were
observed between forearms analyzed using the standard vs lower bone threshold (24).

Portable units such as peripheral DXA (pDXA) or quantitative ultrasound (QUS)
devices alow measurements at the infant’ s bedside, although they can be used only to
measure peripheral skeletal sites such asthe forearm or tibia (12,25). Fairly robust cor-
relations between forearm bone and soft tissue measurements by pDXA and whole-body
measurements by DXA (r = 0.73-0.84) have been reported (26).

Exampl es of whole-body and forearm scans of preterm infants at body weights of 1.3
and 2.0 kg are shownin Fig.1. Currently, there are no published infant reference datafor
pDXA.

Despitethe extensive use of DXA ininfants, discrepancies exist among studiesin the
reported normative values for bone mass and body composition. These discrepancies
may be as high as 18% for bone mass, 15% for fat mass, and 8% for lean massin healthy
infants(27). They arelikely theresult of differencesintheanalysissoftwareamong DXA
models and manufacturers (Fig. 2) (26,28) Standard DXA software packages are not
specific for infants or children, and, typically, pediatric software must be ordered sepa-
rately fromthemanufacturer. Body size hasal so been shownto correlatewithinfant bone
and soft tissue mass (29); therefore, BMC, lean mass, and fat mass values should be
adjusted for body weight and length.

Performing the Measurement

Infants are among the most challenging patients to measure. General guidelines for
scanning are discussed in more detail in Chapter 5. Before measuring a term or older
infant, itishelpful to feed and calm the child and to place theinfant on the scanning table
in a clean diaper. If necessary, the child should be swaddled in a thin cotton sheet or
blanket to reduce small involuntary movements. Examples of whole-body infant scans
(Fig. 3A,B) and infant forearm scans (Fig. 4A,B) are provided.
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2.0Kg

1.3 Kg 2.0 Kg

Fig.1. Whole-body dual-energy x-ray absorptiometry (DXA) and forearm peripheral DXA in
preterm infants weighing 1.3 kg and 2.0 kg. The whole-body image includes the cotton blanket
used to swaddle the infant, contributing to scan acquisition artifact and soft tissue variability.
Forearm peripheral DXA scanswere obtai ned without covering and clearly delineate bone and soft
tissue. (From Moyer-Mileur, personal files, not previously published.)

900 -

Total Body BMC (g)

0 10 20 30
Weight (kg)

Fig.2. Measurement of total-body bone mineral content by body weight for pediatric subjects
using different pediatric software (Hologic 1000W [squares, solid line] vs Hologic 4500A [tri-
angles, upper dashed line]) and adult software (Hologic 1000W [solid diamonds, lower dashed
line]). (Reproduced from ref. 26, with permission.)

Subdued room lighting may also help theinfant relax. Very younginfants(i.e., <3 mo
of age) will usually sleep through the measurement and will require limited operator
intervention. However, it isimportant to constantly watch theinfant for any involuntary
movement (30). General guidelinesto minimize practical or technical situationsthat may
affect densitometry measurements in infants are provided in Table 1.
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Fig.3. (A) Swaddling and positioning of an infant prior to whole-body dual-energy x-ray
absorptiometry (DXA) measurement. (B) Correct holding of an infant in position to minimize
movement as the DXA arm scans the upper body.

CHILDREN WITH SPECIAL NEEDS

Altered Posture

For children with conditions such as scoliosis, muscular dystrophy, cerebral palsy,
juvenile rheumatoid arthritis, contractures or deformities often prevent positioning the
patientinafully supineposition. Lark et al. (11) reported that for positionsthat simul ated
childrenwith contractures, themean errorsfor whole-body measurementswere4—6%for
BMC, 1-3% for lean body mass, and 5-11% for fat mass. Comparisons of the correct
fully supine position and the contracted positions were highly correlated; however, this
study was conducted in healthy controls and did not consider movement artifact, which
would increase measurement variability. These data suggest that for the majority of
children with altered postures, precise and reasonably accurate measures of bone and
body composition can be obtained if care is taken during scan acquisition.
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Fig. 4. (A) Alternate positioning for peripheral dual-energy x-ray absorptiometry (pDXA) mea-
surement of infant forearm: infant lieson stomach on platform, with faceturned away from scanner
and arm extended. (B) Alternate positing for pDXA measurement of infant forearm: infant sitson
caregiver’'slap with arm extended and held in position.

Concernsregarding whether the lumbar spine accurately reflects other regions of the
skeleton haveled to the study of alternative sitesfor boneassessment by DXA. Addition-
ally, for many pediatric conditions, the spineis an uncommon site for fracture and may
not accurately predict risk. In adults, the proximal femur BMD is commonly measured
becausethisprovidesthebest prediction of osteoporotic hipfracture. In physically handi-
capped children, thedistal femur isone of themorecommon sitesof osteoporoticfracture
(31-35). Inastudy of 339 young patients (2.2—17.0 yr) with an assortment of underlying
conditions (cerebral palsy, cystic fibrosis, milk allergy, muscular dystrophy, and treated
malignancies), the proximal femur BMD and lumbar spine BM D assessed by DXA were
highly correlated (r =0.73, p=0.0001) (9). However, for individual patients, differences
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Table 1

Sources of Variability in Densitometry Evaluation of Bone and Body Mass in Infants

Source of variability

Considerations

Recommendations

Software

Platforms

Operator

Dual-energy x-ray absoptiometry (DXA)

Earlier prototypes of Infant Whole Body (IWB) software and scan
acquisition on pencil beam systems without aluminum infant
platform are unreliable for the study of small subjects (26).

Pediatric software use in neonates weighing 2.0 kg underestimates
bone mineral content (BMC) by three- to fivefold. At 6 wk
of age (and ~4.0 kg), this difference is no longer evident.

Measurement in infants weighing >4.0 kg could result in
overestimation of bone mineral acquisition if Pediatric software
is used for two successive measurements (29).

Peripheral DXA

Adult software will provide inaccurate measures

of bone and body mass (29).

DXA

Pencil beam systems require the infant platform to improve
system linearity during scan acquisition and to allow alower
detection threshold for bone.

The type of platform (aluminum vs foam) can result in differences
in fat mass (up to 40%) and lean mass (5%). Use of padding or
covering over the aluminum platform will aso effect fat and
|ean mass measurements (26,29).

Fan beam systems do not require the infant platform

for scan acquisition.

Peripheral DXA

Infants <5.0 kg: measurements taken at bedside require a
customized platform and may require an overhead warmer
to maintain body temperature.

DXA

When using pencil beam systems, placement of the external
calibration standard during scan acquisition or its delineation
during analysis must be consistent (26). Thisis not necessary
for the newer fan beam systems.

Avoid using earlier prototypes of IWB with pencil beam
systems without aluminum infant platforms.

Use Infant software for infants < 4.0 kg. (Note: check with
specific manufacturer for availability.)

Use manufacturer’s small-subject software.

For pencil beam systems, avoid using the foam platform.
Limit padding and covering the platform.

Use an appropriate platform. (Note: use the platform for
infants weighing <5.0 kg; infants >5.0 kg should sit on
the caregiver'slap.)

Use consistent placement of external calibration
standard. Do not allow obstruction by padding
or covering (i.e., a blanket).
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Subject

Peripheral DXA

Incorrect forearm placement (e.g., allowing the arm
to twist and not lay flat) will influence tissue values (30).
position.

DXA

Covering: in preterm infants, light covering is required to
maintain body temperature; however, light cotton blankets
and diapers have been shown to increase soft tissue mass,
specifically lean mass (26).

Movement artifacts: these can increase quantitative values for
both fat and lean mass (26).

Feeding artifacts (i.e., IV or enteral): arecent bolus can impact

|lean mass values (26).

Radiographic contrast artifacts: these can effect bone and body

mass values (26).

Tubing artifacts (i.e., 1V lines, feeding tubes, nasal cannula, or
monitor leads): these can increase bone and body mass
values (26).

Peripheral DXA

Covering: covering forearm area during scan typically not
required even in preterm infants.

Movement artifacts: these can increase quantitative values for both

fat and lean mass.
Tubing artifacts: intravenous lines can increase bone and body
mass val ues.

The extended forearm should be flat, with the palm down.
Velcro straps may be used to hold the arm in the desired

Limit covering to alight cotton blanket and a diaper.
Be consistent with covering for longitudinal studies.
Document the type, amount, and weight of covering
used for each subject.

Obtain the scan while the infant is sleeping or swaddled.
Use anonmetallic pacifier. (Crying will not effect
results.) Avoid sedation.

Perform the scan acquisition > 30 minutes after feeding.

Schedule DXA measurements prior to radiographic
contrast studies.

Remove tubing if possible; adjust the region of interest
to exclude the tubing artifact.

Measure the forearm without covering.
Position the forearm correctly and use Velcro straps for

restraint.
Measure opposite armif it hasno V.
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Fig. 5. Drawing showing the three separate regions in the distal femur that are independently
analyzed using subregional analysis with Hologic forearm software. Region 1 is predominately
cancellousbone; region 3ispredominately cortical bone. Regional analysisisanimportant aspect
of thedistal femur technique because the metabolism often differsbetween cancell ousand cortical
bone. (Reprinted from ref. 10, with permission from the American Journal of Roentgenology.)

in Z-scoresat thesetwo siteswere often significant, and they increased asBM D deviated
further from normal (9).

In children with cerebral palsy, whole-body, proximal femur, or spine BMD assess-
ment by DXA may not be reliably or easily measured because of joint contractures or
orthopedic fixation devicesat the spineand hip. Thedistal femur inthelateral projection
has been found to be a reliable peripheral site for children with cerebral palsy when
whole-body, hip, and spine sites are not practical (36) (Fig. 5). Even children with sig-
nificant contractures can usually be comfortably placed in the lateral position to obtain
an accurate distal femur scan. An example of correct positioning for the distal femur
measurement is found in Fig. 6 (37).

Henderson et al. (37) recently published pediatric reference data for the distal femur
derived from 256 healthy children and adolescents aged 3—18 yr. The distal femur cor-
related highly with bonedensity intheproximal femur (r >0.90) and slightly lessstrongly
with the lumbar spine (r = 0.83). To date, only pencil beam scanners have been utilized
to measure the distal femur site; thus, thereis not a validated reference for distal femur
measurements using fan beam scannersand software. Giventhelimitationsand thelevel
of expertiserequired for interpretation of the scan, at most institutions, this measurement
site should be used for research purposes only.
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Fig. 6. Correct patient positioning for left proximal femur scan. Thechildisplaced on hisleft side
sothat theleft femur iscentered onthetableandisparallel to thetableedge. Theright hip and knee
areflexedforwardinfront of theleft distal femur and are supported by foam pads. (Reprinted from
ref. 10, with permission from the American Journal of Roentgenology.)

Artifacts

A frequent problemwhen measuring childrenwith special needsisinterferencecaused
by metal artifacts and motion as discussed in detail in Chapter 5. Problems caused by
artifactsshould belimited to those resulting from immovabl e objects such aspins, plates,
rods, or feeding tubes. External, highly attenuating objects such as braces, plaster casts,
or monitorsshould beremoved prior to performing themeasurement, or themeasurement
should be rescheduled to a time when the external object is no longer required.

Figure 9 in Chapter 5 illustrates examples of removable and permanent internal and
external artifacts. The childin Fig. 9A hasintermedullary rodsin both the right and left
femur included in the measurement. Artifacts such as these may not cause significant
interference for longitudinal measurements if they remain in place for the follow-up
period, but they will affect comparison of the results to reference data (Chapter 6).

The child in Fig. 9B in Chapter 5 has multiple intravenous catheters and a pulse-
oximetry probe attached to the | eft foot. Because the child was sedated, it was necessary
for the pul se-oximetry probeto remainin place. However, the other artifacts should have
been removed prior to the measurement.

ThechildinFig. 9Cin Chapter 5 hasaninternal metal plateintheleft arm and aplaster
cast on theright leg. Although the metal platein the left arm could not be removed, the
measurement should have been delayed until the leg cast was removed.

In Chapter 5, Fig 9D, the child has quadriplegia requiring continuous ventilation.
Because the ventilation equipment could not be removed; the best measurement was
achieved with the ventilator artifacts in place. When it is not possible to remove the
artifact or to reschedul e the measurement, data from the whole-body measurement can
be used by interpolating the values for the affected side based on the values determined
for the unaffected side.
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Artifacts are not limited to whole-body measurements. Figure 10 in Chapter 5illus-
tratesasel ection of lumbar spinemeasurementsaffected by immovableinternal artifacts.
Excluding a specific region of interest during analysis may reduce the effect of such
artifacts on the results.

Unavoidable interference may also result from the child’ s clinical condition or treat-
ment. Figure 11A in Chapter 5 illustrates a common pattern of high-density endplates
associated with bisphosphonate treatment. Figure 11B shows a child with primary
oxalosistypel for whom cal cium depositsin thekidney may affect soft ti ssue estimation.

Practical situations and technical issues may also confound DXA resultsin children
with physical or cognitivelimitations. Table 2 providesasummary of general guidelines
to minimize the effect of these factors on densitometry measurementsin children with
special needs.

DXA IN THE ASSESSMENT OF MULTIPLE UNEXPLAINED
FRACTURES

The possibility of nonaccidental injury (NAI) must be considered whenever aninfant
presentswith multiplefracturesat different skeletal sitesandin variousstagesof healing.
However, clinicians also have a duty to exclude an underlying medical disorder associ-
ated with diminished bone strength that can lead to pathol ogical fractures during routine
day-to-day handling. This section provides a brief review of some bone disorders that
must be considered in the differential diagnosis of NAI in ayoung child, aswell asthe
role of bone densitometry in discriminating between healthy infants (with likely NAI)
from those with an underlying bone disorder.

Fractures Caused by Nonaccidental I njury

NAI isacommon cause of fracturesin infants. In one study, up to 82% of long bone
fractures in infants less than 1 yr of age were considered to be the result of NAI (38).
Unexplained fracturesinanonambul ant infant, especially if thefracturesaremultipleand
of differing ages, are highly suspicious of inflicted injury. Suspicion of NAI is also
aroused whenthe history of aninjury, provided by parentsor caregivers, isnot consistent
with physical findings; whenthereisvariationinthehistoriesof theinjury giventohealth
professionals; when there is delay in seeking medical attention; and when the given
mechanism of injury isnot consistent with development of the child. The affected infant
may also have other features of physical, emotional, or sexual abuse.

Identification of skeletal and nonskeletal features of NAI is critically important be-
causethereisarisk of the child suffering further abuse, which could be fatal. Therefore,
any suspicion of nonaccidental fractures should lead to a multidisciplinary assessment
with social services and other child protection agencies. In the majority of cases, the
diagnosisof NAI can bereached through acareful appraisal of detailed historiesobtained
from caregivers, athorough clinical examination, and a compl ete radiographic skeletal
survey.

The radiologist has an important role in identifying the number, age, and severity of
fractures. Skeletal surveysareindicated for all children lessthan 2 yr of age when child
abuseissuspected (39). Bone scintigraphy with technetium-99m-| abel ed bi sphosphonate
may help to disclose injuries that are not readily visible on the radiographic skeletal
survey, including periosteal injuries, fresh rib fractures, and bony injuriesin a complex
area such as the pelvis (40).
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Table 2

Sources of Variability in Densitometry Evaluation of Bone and Body Mass for Children

With Special Needs

Source of variability

Considerations

Recommendations

Software

Operator

Subject

DXA: standard software packages are not designed
for use in infants or children. Adult software
may underestimate BMC and BMD.

DXA: beware of inconsistent or incorrect
external calibration of the instrument.

Altered posture: whole-body BMC measured
in the lateral position differs by +7.5%.
The frog-leg position slightly overestimates
BMC, and the semi-lateral position slightly
underestimates it. Fat mass may vary by 5-11%,
depending on position (11).

Altered posture: knee flexion contractures do not appear
to significantly affect DXA measures of BMC, fat,
or lean mass (11).

Covering: clothing may increase soft tissue values,
specifically lean mass (26).
can be removed. If not, have the child change
into a cotton gown.

* Pediatric software and corresponding reference
data must be ordered separately from the
manufacturer.

« Perform daily calibration with the manufacturer-
supplied phantom.

» Maintain consistent placement of the external
calibration standard.

« Develop corrective equations from a larger study
cohort. Note that the precision of the
measurement is not affected when the positioning
isreproducible. Therefore, the measured rates of
change for longitudinal evaluations will be
reliable, but pediatric reference ranges may
not be appropriate.

« Consider an aternative measurement site such
asthe distal femur (10).

 Assess what the child is wearing. If measuring
only the proximal femur, the lower body garment

« Document the type, amount, and weight
of covering used for each subject.



159!

Movement artifacts: children with spastic movements
or limited cognitive ability may have trouble
holding still during the scan. Movement can
increase quantitative values for both fat and lean
mass (26).

Feeding artifacts: (IV or enteral) recent bolus can
impact lean mass values (26).

Radiographic contrast artifacts: can effect bone and body
mass values (26).

Tubing artifacts (i.e., intravenous lines, feeding tubes,
nasal cannula, and monitor leads) these can increase
bone and body mass values (26).

Orthopedic fixation device artifacts: (i.e., implanted rods
or screws; splints) these can falsely increase bone mass
values (10).

* Assess the child for movement prior to scan.

 Determine whether the caregiver will remain
in the room and will be able to help.

 Avoid abrupt movements or load noises:
reflexes are often hyperactive and will illicit
greater-than-normal response.

« Stahilize legs with sand bags or tape, or have
someone hold them.

* Consider sedation if the child is unable to lie still.

* Perform scan at least 30 minutes after bolus feeding.

* Perform scan prior to any radiographic studies
or 2 weeks after such a study.

» Remove tubing if possible; adjust the region
of interest to exclude the tubing artifact.

« Remove splintsif possible when measuring
the lumbar spine or the whole body.

* Consider an aternative measurement site such
as the proximal femur or the distal radius.
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Fig. 7. Radiograph of an infant’s lower leg, showing metaphyseal fractures of the distal tibia
(arrows).

Although virtually any fracture can result from an NAI, certain fractures are consid-
ered to be more suggestive of abuse. These include metaphyseal fractures (Fig. 7), pos-
terior ribfractures(Fig. 8), scapul ar fractures, spinousprocessfractures, sternal fractures,
complex skull fractures, and diaphyseal spiral fractures.

Detailed discussion of skeletal injuriesdueto abuseisbeyond the scopeof thischapter,
but a useful reference source is Kleinman’s Diagnostic Imaging of Child Abuse (41).

Osteogenesis | mperfecta

Osteogenesis imperfecta (Ol) is the most common bone condition that must be con-
sideredinthedifferential diagnosisof aninfant with unexplained fractures. It isahetero-
geneousgroup of inherited disorders characterized by bonefragility. In most patients, Ol
iscaused by mutationsin the COL1Al and COL1A2 genesthat encode for the pro-o.-1(1)
and pro-o.-2(1) chainsof typel collagen. Most forms of Ol areinherited asan autosomal -
dominant trait; however, up to 25% of children with Ol have new germ-line mutations.

Theclinical course of Ol is extremely variable, ranging from stillbirth as a result of
multiple intrauterine fracturesto alifelong absence of fractures (42). Other clinical fea-
tures of Ol may include short stature, dentinogenesis imperfecta, fragile skin with in-
creased tendency to bruising, a blue or grey scleral color, joint laxity, and presenile
deafness.

Using clinical, radiographic, and genetic criteria, Sillence and colleagues (43) have
classified Ol into four major types. Ol type | isthe mildest phenotype and results from
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Fig. 8. Radiograph of an infant’s chest, showing posterior and lateral rib fractures (arrows).

stop codon mutations in the COL1A1 and COL1A2 genes that lead to reduced amounts
of normal type | collagen. Subjectswith Ol type | have blue-grey sclerae, normal teeth,
and normal or near-normal stature. Fracturestend to decrease after puberty and skeletal
deformities are rare.

Ol types |l to 1V arise from point mutations in the COL1A1 and COL1A2 genes that
leadtotheproductionof structurally abnormal collagen. Ol typell isthemost severeform
of the disease, and most patientsdiein utero or shortly after birth. Patientswith Ol type
I11 have limb deformities from numerous fractures occurring in utero and characteristic
facies. Individualswith Ol type IV have white sclerae, but some have yellowish opales-
cent teeth (i.e., dentinogenesisimperfecta). The severity of bone diseasein subjectswith
Ol typelV isvariable; somehavefracturesin uteroleading to deformities, whereasothers
suffer only afew fractures throughout their lives.

Morerecently, Glorieux and colleagueshavedescribed Ol typesV, VI, and VII, which
do not arisefrom mutations of type| collagen (44—46) Thesetypesof Ol havedistinctive
clinical and radiological features and therefore are not likely to be confused with NAI.

Radiological featuresin milder types of Ol may be nonspecific but include slender
bones with thin cortices and osteopenia. Wormian bones measuring 6 x 4 mm or larger
in size and more than 10 in number around the lambdoid suture on skull radiographs are
more strongly suggestive of OI.

The milder forms of Ol, especially type IV, may be difficult to diagnose clinicaly if
classical radiological features of the disease are absent and no other family membersare
affected. Unexplained fracturesin infants with such forms of Ol may be confused with
NAI. Insuch cases, el ectrophoretic studies of collagen excreted from cultured skinfibro-
blasts may be helpful. Approximately 85% of subjectswith clinical or radiological fea-
tures of Ol will have either abnormal amounts or structure of type 1 collagen (47).
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Thevalue of genetic testing to differentiate Ol from NAI has been examined. Steiner
et al. (48) found that 6 of 48 children with possible NAI had laboratory evidence of Ol.
Fiveof thesix children with abnormal collagen also had clinical signsof Ol. Theauthors
concluded that routine genetic testing for Ol in the setting of unexplained fractureswas
not warranted because most children with Ol can be identified clinically by an experi-
enced clinician. Normal collagen studiesin up to 15% of subjectswith obvious clinical
features of Ol also limit the usefulness of thistest. Despite these factors and the expense
and time required to perform genetic testing for Ol, courts may require these studiesin
some cases of suspected NAI.

The Role of Bone Densitometry in the Assessment of an I nfant
With Multiple Unexplained Fractures

Asmentioned previously, milder phenotypes of Ol, especialy type |V, may be diffi-
cult to differentiate from NAI. In cases in which parents deny harming their children, it
is not uncommon for the parents and their legal representativesto inquire asto whether
measurement of BMD will helpindifferentiating normal childrenwho havebeenvictims
of NAI from those with milder forms of OlI.

DXA measurements of BMD in older children and adults with Ol have provided
conflicting results. Paterson and Mole (49) found BMD to be within the reference range
in most adults with type | or type IV Ol. In contrast, others (50-53) reported that areal
BMD (aBMD) in children with Ol was significantly lower than that of age-matched
controls.

Lund et a. (54) measured whole-body and lumbar spine BA, BMC, and aBMD in 63
subjects with both mild and severe types of Ol. Their study cohort included 24 children
(17 males), aged 5-18 yr, of whom 15 were classified as having Ol typel or Ol typelV.
The authors used the approach of Mglgaard et al. (55) to determine whether (1) the
subject’s height was appropriate for age (looking for “short bones’), (2) the BA was
appropriatefor height (lookingfor “narrow bones’), and (3) theBM C wasappropriatefor
bone area (looking for “light bones”).

They compared these findings with quantitative and qualitative defects in type 1
collagen produced by subjects’ cultured skin fibroblasts. Mean aBMD for age in both
childrenand adultswaslow in patientswith Ol typelll or IV and/or aqualitativecollagen
defect. Reduced BM Cfor agein Ol children wasdueto reduced height (short bones) and
reduced BMC for BA (light bones). In contrast, their BA for height was normal (normal
bone width). Forty percent of all subjects studied and 75% of those with either Ol type
I, aquantitative collagen defect, or both had aBMD for age values within the reference
range. Thefact that Ol subjectssuffered recurrent fracturesdespitenormal or only slightly
low aBMD for age suggeststhat impaired skeletal mineralization was not the only cause
of bone fragility.

The authors concluded that DXA has limited value in the assessment of recurrent
fractures because aBMD in Ol can be normal and because there are few pediatric refer-
encedatafor children under theageof 2yr, the period when fracturesdueto NAI are most
prevalent.

Very few studieshave measured BMD ininfantswiththemilder formsof Ol (i.e., type
| and type IV) that would be considered in the differential diagnosis of fractures dueto
NALI. Onesmall study of 14 childrenwith Ol by Miller and Hangartner recommended that
the investigation of the infant with unexplained fractures should include assessment of
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BMD by quantitative computed tomography (QCT) (56). However, few centers have
QCT scanners capable of measuring volumetric BMD in infants, and there is a paucity
of age and gender reference data to allow calculation of Z-scores. Larger studies are
needed to confirm the authors’ preliminary findings.

Bishop and colleagues (57) compared aBMD of the lumbar spine by DXA ininfants
with fractures due to Ol and those whose fractures were thought to have occurred
nonaccidentally. They found that lumbar spineaBMD of infantslessthan 6 mo of agein
both groups were within the reference range and were not significantly different. There
was considerableoverlapin BMD between subjectswith and without Ol who were upto
2 yr of age. In follow-up examinations, however, the increment in lumbar spine aBBMD
in Ol infants was significantly lower (27/cm?/yr) than that of non-Ol infants (115/cm?/
yr). The authors concluded that asingle BM D measurement was not helpful in differen-
tiating between infants whose fractures resulted from Ol vs NAI. Longitudinal aBMD
measurements, however, may be helpful in discriminating between normal infants and
those with milder Ol phenotypes.

In summary, for the majority of infants with unexplained fractures, the diagnosis of
NAI or Ol can bereached with adetailed clinical history, athorough clinical examination
by a clinician experienced in bone disorders, and a skeletal survey interpreted by an
experienced pediatric radiologist. DXA measurementsdo not help to distinguish healthy
infants who have been victims of abuse from those with milder types of Ol. Genetic
testing for mutations in COL1A1 and COL1A2 should only be undertaken in rare cases
in which diagnosis of NAI remains in doubt even after apainstaking clinical and radio-
logical evaluation.

SUMMARY POINTS

» Theacquisitionandinterpretation of DXA resultsin childrenwith physical and cognitive
disabilities present special challenges.

» Use of DXA measurement in infantsis currently limited to research studies because of
the lack of established universal reference data.

» General guidelinesareprovidedin Table 2 for theminimization of practical andtechnical
situations that may affect densitometry resultsin infants and children with physical and
cognitive deficits.

» Contracturesand deformities may prevent positioning the patient for awhole-body scan
inafully supine position. If awhole-body measurement iswarranted, areasonableresult
can be achieved (i.e.,, £5% BMC) if the child is placed in a more comfortable body
positions.

e Concerns regarding whether the lumbar spine accurately reflects other regions of the
skeleton where children with physical disabilitiestend to fracture hasled to the study of
alternative sitesfor bone assessment by DXA (e.g., thedistal femur). However, the lack
of reference data for newer instrument models (e.g. fan beam mode) limits the current
clinical usefulness of this particular scan.

» Osteogenesisimperfectais the most common bone condition and should be considered
in the diagnosis of an infant with unexplained fractures and suspected NAI.

e The milder forms of Ol, especialy type IV, may be difficult to diagnose clinically,
especialy if classical radiological features of the disease are absent and no other family
members are affected. In such cases, electrophoretic studies of collagen excreted from
cultured skin fibroblasts may be helpful. Routine genetic testing is not warranted.
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Red flags for NAI include unexplained multiple fractures in nonambulatory infants,
physical findingsinconsistent with the history provided by the caregiver or the devel op-
ment of the child, delay in seeking medical attention, and other signs of physical, emo-
tional, or sexual abuse.

Themost useful radiographic studiesin cases of suspected NAI include askeletal survey
and possibly atechnetium-99m-labeled bisphosphonate bone scan.

DXA has been shown to have limited value in differentiating between NAI and mild
forms of Ol in young children with unexplained fractures.
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INTRODUCTION

The preceding chapters of thistext are primarily dedicated to the optimal acquisition
and interpretation of dual-energy x-ray absorptiometry (DXA) scansin childrenin clini-
cal practice. In addition to these techniques, many investigators have proposed novel
methods for scan acquisition and analysisin order to overcome the limitations of DXA
and to improve estimates of bone strength. Although these techniques are not yet avail-
ablefor clinical use, consideration of research strategies highlights the potential limita-
tions of conventional DXA techniques and may aid in the interpretation of clinical scan
results. This chapter summarizesthese methods, cites examples of research applications
inhealthy childrenand childrenwith chronic disease, and considersthepotential strengths
and weaknesses of these techniques.

DXA techniques traditionally focus on posteroanterior (PA) or anteroposterior (AP)
projections of the spine and the hip. However, alternative scanning and analytic tech-
niques have been advocated at these sites in order to provide estimates of volumetric
density and three-dimensional structure and to improve fracture discrimination. Further-
more, algorithms have been devel oped to assess bone massin the context of muscle mass
and the functional bone—-muscle unit.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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SPINE

Itiswell recognized that DXA estimatesof vertebral bone mineral density (BMD) are
confounded by bone size in children and adults (1). Lumbar spine DXA provides an
estimateof areal BMD (aBM D; in g/cm?) that does not adjust for the depth of bone. Bones
of larger width and height also tend to be thicker. Because bone thicknessisnot factored
into DXA estimates of BMD, reliance on aBMD inherently underestimates the bone
density of shorter individuals. That is, a child with smaller bones may appear to have a
mineralization disorder (lowaBM D) despitehaving anormal volumetricBMD (vBMD).
Thisclearly introduces animportant artifact in children with chronic diseases associ ated
with growth delay. Furthermore, the projected bone mineral content (BMC) within the
AP or PA projection of vertebraeincludesthe superimposed vertebral spinous processes.

These limitations are highlighted in a recent report that compared DXA aBMD and
guantitative computed tomography (QCT) vBMD Z-scores for the spine in 200 healthy
children and 200 chronically ill children (2). The hypothesisof the study wasthat aBBMD
measurements as measured by DXA would result in the overdiagnosis of |ow bone mass
(defined as a Z-score <—2.0) in children with poor growth. Consistent with this hypoth-
esis, a significantly greater proportion of children were classified as having low bone
mass by the criteria of DXA aBMD Z-scores (76 of 400) compared with the number
identified aslow using QCT vBMD Z-scores QCT (25 of 400); discrepanciesin aBMD
and vBM D were more common among children below thefifth percentilefor height and/
or weight for age. Using QCT as the standard for this comparison, the specificity of a
DXA aBMD Z-score of less than —2.0 was 94% among healthy children but only 74%
among thechronically ill children. Thatis, amongthe 179ill childrenwith QCT Z-scores
greater than —2.0, 47 (26%) had DXA Z-scores less than —2.0.

Estimates of Spine Volumetric BMD Based on the PA or AP Scan

The confounding effect of skeletal sizeon DXA measuresiswell recognized, and two
analytic strategies have been proposed to estimate vertebral vBMD from projected PA
(e.g., Hologic scanners) or AP(e.g., GE Lunar scanners) bonedimensionsand BMC. The
technique developed by Carter et al. (3) for calculating vBMD (termed bone mineral
apparent density [BMAD]) is based on the observation that vertebral BMC is scaled
proportionately to the projected bone areato the 1.5 power; therefore, BMAD isdefined
as BMC/(area)l>.

Kroger et a. (4,5) proposed an alternative estimate of vertebral volume: the lumbar
body isassumed to have acylindrical shape, and volume of the cylinder is calculated as

(m)(radius?)(height)
which is equivalent to
(m)[(width/2)?] (arealwidth)
Therefore, vBMD is calculated as
(@BMD)(4)/[( m)(width)]

using vertebral width and aBMD from the AP projection.

This approach was validated by comparison with magnetic resonance imaging
(MRI) measurements of vertebral dimensions in 32 adults (6); DXA-derived vBMD
correlated moderately well with BMD based on MRI-derived estimates of vertebral
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volume (R = 0.665). Of note, the Kroger studies were conducted with a Lunar DPX
scanner. Thisapproach cannot be applied to DX A scans obtained with aHol ogic scanner
because measures of vertebral width are not provided by Hologic software.

These two approaches have been used in numerous pediatric studies to assess the
effectsof puberty (7,8), ethnicity (9—11), gene polymorphisms (12), and weight-bearing
physical activity (13—15) on spinevBMD in healthy children. They have also been used
to assess the effects of calcium deficiency and milk avoidance (16,17) and hypovitami-
nosis D (18), and to assess the effects of varied chronic disorders associated with poor
growth such as Turner’s syndrome (19), cystic fibrosis (20-22), hypogonadism (23),
growth hormone disorder (24—26), prematurity (27), Cushing’s syndrome (28), thalas-
semia (29), diabetes mellitus (30), solid-organ transplantation (31), and childhood leu-
kemia (32,33). In addition, these approaches have been used to assess the effects of
bisphosphonate (34) and growth hormone therapy (24,26).

In the earliest study of BMAD in children, Katzman et al. (7) concluded that 50% of
the pubertal increase in spine BMC in adolescent femal es was the result of bone expan-
sion rather than an increasein BM C per unit volume. The reported pattern of changesin
bone size and density during puberty was consistent with studies using spine QCT (35).

The Bone Mineral Density in Childhood Study (36) recently reported the results of a
comparison of spine QCT and varied DX A-based estimatesof vBM D in 124 children and
adolescents. The authors considered two approaches to decrease the influence of bone
size on DXA BMD results: (1) BMAD, and (2) aBMD divided by bone height. The
highest correlations were observed for QCT BMC and DXA BMC (R? = 0.94). DXA
aBMD was only moderately correlated with QCT vBMD (R2 = 0.39).

[llustrating the confounding effect of bone size on aBMD, the correlation between
DXA aBMD and QCT estimates of bone volume (R? = 0.68) was greater than the corre-
lation between DXA aBMD and QCT vBMD. The two strategies to adjust for bone size
resulted in only slight improvementsin the correlationswith QCT vBMD (BMAD, R2=
0.49; aBMD/bone height: R? = 0.55).

Of note, the correlations were especially poor among children in the early stages of
pubertal development. For example, the correlation between BMAD and QCT vBMD
wasonly R2=0.13 in Tanner stages 1-3, compared with 0.60 in Tanner stages 4 and 5.
Only after multiple regression technigques were used to correct aBMD for puberty, age,
weight, height, and bone age was the correl ation between DXA and QCT improved (R?
=0.91).

Itisnot known if these volumetric techniques provide better estimates of fracturerisk
comparedwithaBM D inhealthy children or childrenwith chronic disease. To our knowl-
edge, no studies have assessed BMAD in children with vertebral compression fractures.
Fracture studies in children have been largely limited to forearm fractures, the most
common fracture site in childhood.

Multiplestudiesin healthy children reported that spineBMAD and aBM D werelower
in wrist and forearm fracture cases compared with controls (37—39). The lower aBBMD
in the fracture subjects compared with controls was not attributed to smaller bone size
because the BMAD values were aso lower.

A recent prospective cohort study of fractures at any site provided some support for
BMAD measures as predictors of new fracture (39). In young girls with and without a
history of prior distal forearm fractures, the risk of new fractures at any site was signifi-
cantly increased for each one-standard-deviation decreasein BMAD (hazard ratio [HR]
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1.34; 95% confidence interval [Cl] 1.02, 1.75) for spine BMAD, but the effect did not
achievestatistical significancefor spineaBMD (HR 1.33; 95% Cl 0.97, 1.82). However,
given the substantial overlap in the confidence intervals and the comparable hazard
ratios, it isunclear whether BMAD improvesfracture prediction compared withaBMD.
Future studies using receiver operating characteristic (ROC) curves are needed to deter-
minethesensitivity and specificity of spineaBMD and BMAD intheassessment of spine
fracturerisk in children, aswell as fracturerisk at other sites.

Studiesin adults suggested that estimates of vBMD did not improve fracture predic-
tion compared withaBMD (40,41). Inanin vitro assessment of vertebral body breaking
strengthinadultsspecimens, aBM D and BMAD provided comparabl e estimates of bone
strength (41). Jergas et al. (42) reported the results of acomparison of aBMD, BMAD,
and spine QCT for fracture discrimination in 260 postmenopausal women. Consistent
with the confounding effect of subject height on aBMD, aBMD was correlated with
height, whereas BMAD and QCT BMD were not correlated with height. The associa-
tionswith vertebral fracturewere stronger for QCT (oddsratio [OR] 3.17; 95% CI 1.90,
5.27), compared with BMAD (OR 1.68, 95% Cl 1.14, 2.48) and aBMD (OR 1.47, 95%
Cl 1.02, 2.13).

In conclusion, BMAD has provided insight into the differential effects of age, matu-
ration, ethnicity, nutrition, and disease processes on bone size and vBMD in children.
However, significantly moreresearchisneeded to validate thesefindings compared with
three-dimensional i maging techniques and to determinethe sensitivity and specificity of
these techniques for fracture prediction in healthy children and in children with varied
chronic diseases.

Lateral Spine BMD

SpineaBM D isusedto assessthe predominantly trabecul ar vertebral bodies; however,
the projected vertebral areaincludes the superimposed spinous processes. Lateral spine
scansisolate the vertebral body from the cortical bone in these posterior elements (Fig.
1). Althoughthistechniqueallowsoneto limit theregion of interest tothevertebral body,
this advantage must be balanced against the potential errors introduced by the greater
thickness and in homogeneity of the surrounding soft tissue.

Prior studies have demonstrated that vertebral trabecular vBMD increases signifi-
cantly during growthand maturation, whereascortical vBM D remainsrel atively constant
(43,44). Therefore, intheory, i solation of the predominantly trabecul ar vertebral body on
thelateral spine may highlight growth-related increasesin trabecular BMC. This poten-
tial benefit of lateral scans is analogous to reports in the elderly that lateral DXA was
significantly more sensitivethan PA DXA to age-related bone lossin malesand females
(45-47).

Few studies have assessed |ateral spine scansin children (48-56). In 1995, normative
datafor PA (L2-L4) and lateral (L2-L3) lumbar spine were published from 778 healthy
children in Argentina, as measured with a Norland XR-26 scanner (48). Studies of the
changes in AP and lateral aBMD with growth and maturation have produced varied
results.

Sabatier et a. (49) compared AP and lateral spine BMD in a cross-sectional study of
574 hedlthy females, ages 10-24 yr. Both AP and lateral BMD increased markedly
between the ages of 10 and 14 yr; however, between 14 and 17 yr, AP BMD increased
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Posteroanterior Lateral

Fig. 1. Paired posteroanterior and lateral lumbar spine dual-energy x-ray absorptiometry.

and lateral BM D was not associated with age. In contrast, Plotkin et al. (50) reported that
PA and lateral BMD increased from Tanner stages 1 through 3, but then there were no
further differencesbetween stages3and 5. Wu et al. (56) compared PA and lateral BMD
in 1286 children and young adults (ages6—24 yr). Lateral BM D was comparableinmales
and females until age 14, after which lateral BMD was greater in males. This gender
difference was attributed to differencesin height. Henry et al. (55) reported that lateral
spine BM Cincreased steeply with agein malesand females, peaking at age 22 yr in men
and at age 26 yr in women.

These large, descriptive studies have demonstrated the variable patternsin PA and
lateral BMC and aBMD. However, the benefits of lateral scans in the assessment of
childhood chronic disease remain untested.

Paired PA-Lateral Spine Estimates of Volumetric BMD

Another approach isto use paired PA-lateral vertebral scans (Fig. 1) to measure ver-
tebral width, height, and depth in order to estimate bone volume and vBMD. Although
this approach requires an additional scan, the paired PA-lateral scans offer two advan-
tages for the assessment of vertebral vBMD. First, the addition of the lateral spine scan
permits direct measurement of bone depth, as opposed to estimating depth from the PA
dimensions. Second, the lateral image is edited to isolate the vertebral body, excluding
the BM C within the cortical spinous processes. Studiesin adults have demonstrated that
paired PA-lateral scans provide better discriminatory capability for vertebral fracture
than BMAD or PA aBMD (42).

The estimates based on the paired PA-lateral scans are calculated automatically with
manufacturer software that assumed the vertebral body was an elliptical cylinder (57).
Thewidth of the vertebrae on the PA scan isused as an estimate of the major axis of the
ellipse, and the depth of the vertebrae on the lateral scan is used as the estimate of the
minor axis of the ellipse. Volume is calculated as

[(n/4)(PA vertebral width)(lateral depth)(vertebral height)]

BMC measured on the lateral scan is then divided by this estimate of volume to
generate “width-adjusted vBMD.”
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We have identified three studies that used this approach in children (53,55,56). The
first two examined and compared changes in PA aBMD, latera aBMD, and vBMD in
large cross-sectional samples of healthy children. Henry et al. (55) reported that vBMD
increased gradually during growth in childhood and into young adulthood in both sexes.
Wuetal. (56) alsoreported gradual increasesinvBMD, withno gender differencesacross
the 6- to 24-yr age range.

In the third study, PA aBMD, lateral aBMD, and vBMD were examined as clinical
outcomesin arandomized clinical trial of gonadotropin-releasing hormone agonist with
and without calcium supplementation (53). Bone measures were assessed at baseline
(meanage 7.3+ 0.91yr), at the end of theintervention (mean age 11.3+ 0.97 yr), and at
thetime of final height (mean age 16.2+ 1.9 yr). ThevBMD was significantly higher in
the calcium-supplemented group at the end of treatment period and at final evaluation
compared with the group that did not receive calcium. Thedifferencesin PA aBMD and
lateral aBMD between the groups at the end of treatment period and at final evaluation
did not achieve statistical significance. The percentage changesbetweenthestart and end
of the treatment period and between the start of treatment and final evaluations were
significant for PA aBMD and vBMD; no results were provided for lateral aBMD.

Although this study suggeststhat paired PA-lateral estimates of vBMD may be more
sensitiveto disease and treatment effects, additional studies are needed to determine the
best outcome for clinical trials and for the monitoring of patients.

HIP

Femoral Neck BMAD

A formulafor BMAD has also been devel oped for the femoral neck in order to nor-
malize BMC to a derived bone reference volume (7).

femoral neck BMAD = (femoral neck BMC)/(femoral neck bone area)?

This approach has been used in avariety of studiesin children (7,10,31,38,58) and
adults (59,60). Comparable decrementsin hip aBMD and hip BMAD were reported in
healthy boyswith a history of forearm fracture, as compared with controls (38). Cauley
et a. (61) recently reported that hip aBMD and hip BMAD were significantly lower in
adults with vertebral compression fractures compared to controls. The predicted prob-
ability of having a vertebral fracture at a given hip aBMD level differed in men and
women. In contrast, the probability of fracture at agiven BMAD wassimilar in men and
women, suggesting that measures of bone mass that partially correct for gender differ-
ences in bone size may yield universal estimates of fracture risk in adults.

In 1996, van der Meulen et al. (62) estimated cross-sectional geometric properties of
the femoral midshaft from DXA scans. Two geometry-based structural indicators, the
section modulus and whol e bone strength index, were cal culated to assess the structural
characteristicsof thefemur. Femoral strength, asdescribed by these structural indicators,
increased dramatically from childhood through young adulthood. To our knowledge,
neither of these two techniques has been validated using three-dimensional imaging
modalities.

Hip Structural Analysis

In 1990, Beck et al. (63) introduced the hip structural analysis (HSA) technigue to
derive femoral neck geometry from DXA bone mineral image data. This approach is
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based on the principal sdevel oped by Martin and Burr (64). A series of experimentswith
an aluminum phantom, with cadaver femora, and with sequential computed tomography
(CT) cross-sectional images were used to validate HSA-computed femoral neck cross-
sectional areas (CSAS), and cross-sectional moments of inertia (CSMIs), a measure of
bone strength. Breaking strengths of cadaveric femora were measured with a materials
testing system and showed better agreement with HSA-predicted strength (r = 0.89) than
femoral neck aBMD (r =0.79). It isimportant to note that this approach makes anumber
of assumptions. For example, estimates of cortical thickness assume that the cross-
section is a circular annulus, the narrow neck region is assumed to have 60% of the
measured bone areain the cortex, and the shaft region is assumed to be entirely cortical
bone. The HSA approach has not been validated in children.

Sinceitsintroduction, the HSA approach has been used in more than 30 publications
in adults, ranging from studies of the effects of gender (65), race (60,66), physical per-
formance and muscle function (67,68), gene polymorphisms (69,70), aging (71), and
teriparatide therapy (72).

The HSA technique has al so been used to provide insight into geometric changes that
resultinapparentincreasesin hipaBMD in healthy children, athletes, and obese children
(73-80) For example, Petit et al. (76) reported that a 7-mo randomized exerciseinterven-
tion resulted in significantly greater increases in femoral neck and intertrochanteric
aBMD inearly pubertal femal es. Underpinning these changeswereincreased bonecross-
sectional area and reduced endosteal expansion. Changes in subperiosteal dimensions
did not differ. These structural changes significantly improved section modulus (i.e.,
bending strength) at the femoral neck. The research team subsequently reported that the
intervention resulted in greater bone expansion on the periosteal and the endosteal sur-
faces of the narrow neck, resulting in greater section modulus (78).

Other HSA studies have demonstrated sexual dimorphism of the femoral neck during
the adolescent growth spurt (80). The gender differences in bending strength were
explained by differences in height and lean body mass. HSA has also been used to
demonstrateasignificant rel ationship between physical activity andfemoral neck section
modulus in healthy children (73,79,81), as well as greater indices of axial strength and
bending strength in gymnasts, as compared with controls (77). Finally, a recent HSA
study reported that the greater bone mass in obese children was due to significantly
greater section modul us compared with nonobese controls, and the greater bone strength
was appropriately adapted to lean mass and height (74).

We are unaware of any studiesthat used the HSA technique to evaluate the impact of
childhood disease or pharmacological interventions on bone structure.

WHOLE BODY

Asdetailed previously, geometric algorithms have been devel oped to estimatevBMD
in the hip and spine—sites with relatively simple geometry. Unfortunately, these
approaches cannot readily applied to the complex shape of the whole skeleton, and the
biomechanical significance of BM C relativeto bone areaacrossthe entire skeletonisnot
known.

Multiplesourcesof pediatric DXA reference dataarenow availablefor thecalcul ation
of whole-body bone Z-scores. These include gender-specific centile curves, age- and
height-specific means and standard deviations, and Z-score prediction models (82—89).
Despite the recent widespread availability of whole-body reference data, thereisalack



166 Leonard et al.

of consensusregarding themost appropriate strategy for theinterpretati on of two-dimen-
sional whole-body DXA BMC and bone area results across children of differing body
size and body composition. Proposed strategies include assessing bone arearelative to
height and BM Crelativeto bonearea(84), assessing BM Crel ativeto height and age(82),
assessing BM C rel ativeto body weight or lean mass (90-92), and multistaged prediction
models for BMC incorporating age, ethnicity, height, weight, bone area, and pubertal
stage (89).

Cortical bone comprises 80% of the skeletal bone mass; therefore, whole-body DXA
BMC and area reflect predominantly cortical bone mass and dimensions. The primary
function of cortical bone is mechanical strength. Leonard et al. (93) recently compared
whole-body BMC, projected area, and aBM D with peripheral QCT (pQTC) measures of
cortical geometry, vBMD, and bending strength in 150 healthy children in order to
develop analytic strategies for the assessment of whole-body DXA that describe the
biomechanical characteristics of cortical bone across awide range of body sizes. DXA
bone area for height and BMC for height were both strongly and positively associated
with pQCT cortical cross-sectional area and bending strength relativeto length (all p <
0.0001). This suggested that decreases in DXA bone areafor height or DXA BMC for
height represented narrower boneswith lessresistanceto bending. DXA BMC for age (p
< 0.01) and aBMD (p < 0.05) for age were moderately correlated with strength. DXA
BMCfor boneareawasweakly associated with pQCT bonestrength, andinfemalesonly.
Therefore, normalizing whole-body DXA bone area for height and BMC for height
provided the best measures of bone dimensionsand strength. DXA BMC normalized for
bone area was a poor indicator of bone strength.

Studiesassessing the ability of thesevaried strategiesto discriminate between fracture
and nonfracture cases have not been performed, and these are imperative in order to
identify the best analytic approach to the interpretation of whole-body DXA data for
research and clinical applications. This is especialy important as GE Lunar recently
introduced pediatric software that will generate Z-scores for whole-body bone area for
height and whole-body BMC for bone area, and Hologic recently presented reference
data for whole-body BMC relative to height (94).

One other consideration in performing whole-body scans is whether to exclude or
include the data obtained from scanning the skull region. The skull provides a larger
proportion of total-body BMC in younger children, and this proportion decreases with
age. Therefore, the technique of evaluating whole-body DXA results without the skull
may bemore sensitivein detecting changesinBMC or BMD over time (93, 95-97). This
technigue hasbeen used in prior studiesand isavailablein new software from the manu-
facturers (98).

THE FUNCTIONAL BONE-MUSCLE UNIT

According to Wolff’ slaw, bone growsin response to the magnitude and direction of
the forces to which it is subjected (99). This response keeps mechanically-induced
deformation of bone (i.e., strain) at a set point. This capacity of bone to respond to
mechanical loading with increased bone strength is greatest during growth (100);
mechanical signals that are osteogenic in the young skeleton fail to stimulate bone
formation in the mature skeleton (101). Hormones and nutrients influence mechanical
loads by influencing linear growth and muscle mass and may alter the muscle-bone set
point (102). Theserelationships dictate that studies of bone health in childhood should
incorporate assessment of muscle.
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The very high correlation between muscle mass and BMC iswell recognized in chil-
dren and adults (103). Numerous investigators advocate a multistage algorithm for the
assessment of DXA bone data relative to muscle mass in children (104-106). In 2002,
Schoenau et al. (106) proposed asimplediagnostic algorithmto evaluate muscul oskel etal
adaptation as an index of the “functional bone-muscle unit.” This functional approach
addresses two questions: (1) is muscle force (or mass) adequate for body size (because
muscleforceislargely determined by body height [ 107,108] , muscle parameters should
be related to body height); and (2) is bone strength normally adapted to muscle force.

Theresults can then be divided into four diagnostic groups. In thefirst group, muscle
forceisadequatefor height and BM Cisnormally adapted to the muscleforces, represent-
inganormal system. Inthe second group, muscleisadequatefor height but BMCislower
than expected for muscle force; this represents a “primary bone defect.” In the third
group, muscle force islow for height and BMC is adapted adequately to the decreased
mechanical load. Thismeansthat BM Cispresumably too low for height, and a“ second-
ary bone defect” is diagnosed. In the fourth group, muscle force is low for height and
BMC iseven lower than expected for the reduced muscle force; thisindicates a“mixed
bone defect” (i.e., primary and secondary).

Multiple sources of DXA reference data are now available for the assessment of the
functional bonemuscleunitinhealthy children. Crabtreeet al. (61) provided gender- and
maturation-specific prediction equationsfor lean body massfor height and BMC for lean
mass for the whol e body and the lumbar spine based on 646 healthy children, ages 5-18
yr. Hogler et al. (104) reported gender-specific reference curvesfor lean massfor height
and the ratio of BMC to lean mass in 459 healthy children.

The assessment of the functional bone-muscle unit has been reported in varied pedi-
atric conditions, including renal transplant recipients (109) and children with chronic
renal failure (106), juvenile idiopathic arthritis (110), neuromuscular disease ,(105),
osteogenesisimperfecta(105), anorexianervosa(104), growthhormonedeficiency (104),
Turner’ssyndrome (111), and Crohn’ s disease (96). Future studies are needed to assess
appropriate interventions to improve bone health in children with a dysfunctional bone
muscle unit.

SUMMARY POINTS

» Multiplestrategieshave been proposed to estimate vBMD in the spine; however, itisnot
known if these techniques improve fracture prediction in children.

» Lateral spine scans isolate the predominantly trabecular vertebral body; however, the
sensitivity and specificity of lateral spine scansfor the diagnosis of bone disordershave
not been tested in children.

e HSA provides estimates of bone structure and has proved useful in the assessment of
physical activity interventions; however, thistechniquehasnot beenvalidatedin children.

» A largenumber of analytic strategiesfor the assessment of whole- body BM C have been
devel oped. Future studies are needed to assess the val ue of these approachesfor fracture
prediction and measuring response to therapy.

» The functional bone-muscle unit algorithms provide insight into the classification of
pediatric bone disorders and the investigation of pathophysiological processes. How-
ever, it remains to be determined if “secondary bone disorders’ truly represent bone
deficitsthat are caused by muscle deficits, as opposed to independent disease effectson
muscle and bone.
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INTRODUCTION

The earlier chapters of thisbook provide aclear view of the current state of the use of
dual-energy x-ray absorptiometry (DXA) in children. The purpose of this chapter isto
highlight those areasin which we believethat significant advancesin bone densitometry
arelikely to beforthcoming over the next 5-10yr. These changeswill likely improvethe
performance of DXA and alternative noninvasive methods of assessing bone health in
pediatric subjects.

This chapter focuses on several key areas of investigation that are needed to increase
the utility of DXA asaclinical tool inthe care of children. Theseinclude the following:
(1) refining the clinical indicationsfor DXA in the growing patient, (2) determining the
relationship of DXA datato bone strength and to fracturerisk, (3) optimizing pediatric-
specific software, (4) evaluating appropriate adjustment techniques for body size and
skeletal maturity, (5) devel oping vertebral morphometry for children, and (6) comparing
DXA to other densitometry techniques.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ

173



174 Bishop et al.

THE FUTURE OF DXA: WHO SHOULD BE TESTED?

There are established guidelines for performing DXAs and criteria for the diagnosis
and treatment of osteoporosisin older adults. Guidelinesare al so emerging for thetesting
and treatment of less common adult cases of “secondary osteoporosis,” which are the
result of myriad chronic illnesses and medications. However, deciding which children
warrant bone densitometry and how the findings should guide therapy isfar from estab-
lished.

One potential group of pediatric patients to evaluate by DXA includes children with
fractures. Fracturesin children are common. According to Landin (1), 42% of boys and
27% of girlswill haveafracture by age 16. Evidencefrom large data sets, such asthe UK
General Practice Research Database (2), indicatesthat fracturefrequency risesgradually
during childhood and is most common around the time of peak height velocity in either
gender. The geographical distribution of fracturesin childhood issimilar to that seen for
adult hip fracture in the elderly, suggesting that fracture in childhood might represent a
risk factor for adult osteoporosis (2). Children who have had at |east one fracture (at any
site) aretwo- to threefold morelikely to sustain another fracturein childhood or adoles-
cence (3).

Doesthismeanthat every childwithafractureshould haveaDXA scan?ltwould seem
logical to devel op an approach similar to that used inadultswhich considersother clinical
factorsfor poor bone health in deciding who to study. Risk factorsincluding older age,
low body weight, afamily history of osteoporosis, prior anticonvul sant or glucocorticoid
therapy, or ahistory of afragility fracture areweighed before orderingaDXA. Based on
current data, performing DXA on every child with a fracture is not being proposed.
Clinical factors that might influence the decision to perform a scan include the number
of fractures, the fracture pattern or type, history of chronic illness, family history of
osteoporosis, and poor diet and exercise patterns. Large studies are essential, however,
to establish an association of any of these factors with poor peak bone mass or increased
fracturerisk. It is unknown whether the same factors, which, in combination with bone
mass, might predict fracturein children who are otherwise healthy, would likewise apply
to chronically ill children These questions can likely be addressed using fracture regis-
tries, with standardized datacollection and tracking, performed longitudinal ly. Although
muchisyet unknown, itisclear from thework of Goulding et al. (3) that every child with
afractureshouldbeclinically assessed for risk factorsand counselled on thedeterminants
of healthy bone development.

Thedecisionto performaDXA scanin an otherwise healthy child with ahistory of
alow-impact fractureis problematic. Maet al. (4) reported that the majority of fractures
in healthy youths resulted from low-energy falls at home. Cross-sectional, prospective,
and retrospective studies haveidentified clinical factorsassociated with fracturein these
children. Theseincludeobesity (5,6), increased time spent watching television (7), lower
levels of breast-feeding (8), and age and gender (9). Further characterization of risk
factorsfor fracturein healthy children is needed in order to determine which subjects at
risk would benefit from a DXA scan. Importantly, studies are needed to assess the pre-
dictive value of bone mass measurements by DXA for both short-term fracture risk and
peak bone mass.

The completion of DXA scansin all children at risk constitutes screening; screening
should only be performed in conditions in which there is an accepted treatment recog-
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nized for the disease and in which the screening procedure is reasonably safe and suffi-
ciently sensitive and specific (10). To date, the medical, psychological, and financial
costs of false-positive results for osteopenia in children have not been addressed; to
undertake such studies, however, will require considerable planning and networking
acrossmultiplecenters. Thereisalso alack of studiesto delineatethefinancial and social
impact of recurrent childhood fractures. However, the costs of adult osteoporosis have
been documented, and it is feasible that, by optimizing the bone health of children, the
devastating effects of osteoporosis at any age will be lessened.

It has been stated that bone massin childhood determines peak bone mass, which, in
turn, isamajor determinant of adult osteoporosisand fragility fractures. These concepts,
although logical, are being challenged and bear further investigation. Thiswould require
longitudinal studies tracking individuals from the point of peak bone mass into late
adulthood. It would also be very helpful to know more about the ability of the skeleton
to “catch up” once childhood bone deficits are identified and treated.

ANALYSES OF DXA DATA BEYOND BONE MASS

Future work will help define the relationship between parameters measured by DXA
and bone strength asdiscussed in somedetail in Chapter 10. Bone strength isdetermined
not only by mass(i.e., bonemineral content [BM C] or bonemineral density [BMD]), but
also by the size, geometry, microarchitecture, and material properties of the bone.
Although these parameters are not directly assessed by DXA, several models to appro-
ximatethem have been devel oped. For example, hip structural analysisutilizesmeasure-
ments of cortical thickness and bone width from the proximal hip scan to estimate
biomechanical expressions of bone strength. The challenge ahead will be to test these
models against the likelihood of fracture Given the low frequency of hip fracture in
children, this research will need to begin with in vitro models.

Further research is also needed to determine the optimal system to correct for varia-
tionsin bone size and maturity among individual sat risk. It remainsunclear which of the
proposed schemesfor adjusting axial bone mass measurementsfor bone sizeisthe most
applicable across the pediatric age range. The different methods will be compared, but
consensus must first be reached asto the yardstick or gold standard against which these
methods are to be judged. Patient registries from large pediatric centers might yield
sufficient data on fractures in at-risk children to address the predictive value of these
modelsin clinical practice.

PEDIATRIC DXA SOFTWARE

DXA manufacturers have recognized the concerns of pediatric practitioners by en-
hancing pediatric reference data and developing adjustments for body size. Hologic,
General Electric/Lunar, and Norland have expanded age-adjusted standard deviation
scores(i.e., Z-scores) for abroader range of agesand skeletal sites. Newer software also
includes features such as “auto-low density” that purportedly improve edge detection
(i.e., distinguishing the margins of bone and soft tissue) with minimal discrepanciesin
resultsfrom standard mode analysis. Thiswould facilitatelongitudinal measurementsin
subjects. In addition, standardization of techniqueswould allow comparison of datafrom
different centersto gain knowledge of uncommon diseases. We expect that the T-score
will be removed from the report page for those who are not yet young adults. Already,
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reference to World Health Organization (WHO) criteria for “osteoporosis’” and
“osteopenia,” whichisbased on T-scores, hasbeen eliminated from somenewer software
programs for subjects under age 20. As with all upgrades or changes in hardware or
software, thereis an impact on serial measurements. Much work must be done to allow
comparisons of repeat studies on a patient when different machines or softwareversions
are used.

ADJUSTING FOR BODY SIZE AND SKELETAL MATURITY

Although a number of approaches have been described to address the elements of
variationinboneand body sizeand, in someinstances, the potentially confounding effect
of pubertal stage or bone age, there is no universally agreed on method of presenting
whole body data. Aswith theissue of creating volumetric measurements for axial bone
mass estimates, none of these various adjustment methods has been proven superior for
predicting clinical outcomes. It may well be that the adjustments made to remove the
confounding effect of body size are inappropriate in situations in which the underlying
disease process or the condition’s treatment affects body size. An example might be
steroid-induced bone disease, in which linear growth slows but weight increases. How
would adjustments for body size work in such a situation? Again, models designed to
correct for body size or bonegeometry should bevalidated over timeagainst another gold
standard such as future fragility fracture or in vitro testing of bone strength.

VERTEBRAL MORPHOMETRY

Some DXA instruments allow for lateral spine morphometric analysis through the
rotation of the source and the detector arm. Such analyses can be used to detect vertebral
compression fractureswithout performing standard radiographsof the spine. Other DXA
devicesrequire careful positioning of the patient to obtain alateral scan. Software pro-
gramsfor vertebral morphometric analysis have been for theincorporated into software
for some of the latest generation of scanners. Use of spine morphometric analysis in
pediatric patients is worthy of investigation because this approach might provide the
means to monitor a child for vertebral deformities and fracture with a lower radiation
exposure than conventional lateral spine x-rays.

COMPARISON OF DXA WITH OTHER TECHNIQUES

Asdiscussed in previous chapters, single- and multislice peripheral quantitative com-
puted tomography (pQCT) isbeing utilized widely in the assessment of bone geometry,
both in health and in disease. Combining and comparing DX A-derived datawith QCT-
and pQCT-derived data is likely to be commonplace over the next few years. As dis-
cussed in detail in Chapter 10, comparison of spine bone mass measurements by DXA
and QCT found the highest correl ation between BM C by both techniques (r2 = 0.94) and
the lowest for areal BMD (aBMD) by DXA and volumetric BMD by QCT (r2 = 0.39).
From these observations, it appearsthat the methods detect different parameters of bone
mass(11). Thefindingsdo not establishwhether one method or the other will havegreater
predictive value for clinical bone fragility.

DXA and pQCT arelikely to be regarded in the future as complementary in terms
of their use. Although each will have its proponents, pQCT cannot measure total body
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bone mass, and DXA cannot measure volumetric BMD of cortical or trabecular bone
separately, nor can it measure cortical areaor thickness. Each method providesinforma-
tion that the other does not. However, there is likely to be overlap in the area of bone
strength estimation through comparison of hip structure analysisderived from DXA and
the cross-sectional moment of inertia and strength strain index produced by pQCT. It is
imperative that formal studies be conducted in children using receiver operating charac-
teristic (ROC) techniques to determine the sensitivity and specificity of standard DXA
measures of aBMD, alternative DXA measures (e.g., bone mineral apparent density
[BMAD] and hip structural analysis[HSA]), and QCT measures of volumetricBMD and
bone dimensions in the discrimination of fracture from nonfracture cases.

SUMMARY

DXA likely has a future in imaging children’s bones and in providing quantitative
assessment of bone mass. Thetechniqueisasafe, available, rapid, and precise meansto
assess bone mass, and the data can be exploited to provide estimates of bone size and
geometry. However, continued research is needed to optimizeits utility in clinical prac-
tice. The clinical interpretation of what constitutes “normal” or “sufficient” skeletal
strength is challenging because it must be interpreted rel ative to the age and maturity of
the child and to the demands placed on the skel eton by mechanical forces(includinglocal
effects of muscle).

Thedemandsfor assessment of skeletal health in children will continueto mount, and
DXA will be employed to determine both bone mass and body composition. Childhood
obesity has been associated with an increased risk of forearm fracture; thisfinding adds
to concerns about health threats from the worldwide epidemic in obesity. Similarly,
models of the bone-muscle unit have increased interest in assessing lean body mass by
DXA and other techniques. It islikely that DXA will be one of several techniques used
to make assessments of skeletal health in children for some time to come.

If thelimitationsof DXA arerecognized, it can be optimized asaclinical tool and will
play asignificant role in improving the bone health of children and adults.

SUMMARY POINTS

» Futureresearch is needed to optimize the utility of DXA intheclinical care of children
and adol escents.

» Theclinical factor or factorsthat best predict suboptimal peak bonemassor fracturemust
be determined from long-term prospective longitudinal studies.

» Theoptimal model to estimate bonegeometry (such aship structural analysis) or to adjust
for bone and body size must be tested against a clinical gold standard such as fractures.
Establishment of fracture registries will be valuable in addressing these questions.

* Adaptation of vertebral morphometry for younger subjects may allow monitoring for
vertebral fractures with less radiation than standard lateral spine x-rays.

 Studiescomparing DXA withpQCT, QCT, and other methodsarelikely toyield different
results. Researchisneededto determinetheval ueof eachin predicting clinical outcomes.

» Ongoing modifications of DXA software programswill reduce the risk of misdiagnoses
by providing age- and gender-specific normative data for wider ranges of age skeletal
sites. Other safeguards, such aselimination of T-scoresand the WHO terms* osteopenia’
and “ osteoporosis’ on reports for subjects under age 20, are needed as well.
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Appendix A

Resources

Table 1

Information for National and International Societies

American Dietetic Association Nutrition Resources
120 Riverside Plaza, Suite 200

Chicago, IL 60606-6995

Tel: (800) 877-1600

Fax: (312) 899-4873

http://www.eatright.org

American Society for Bone and Mineral Research
2025 M Street NW, Suite 800

Washington, DC 20036

Tel: (202) 367-1161

Fax: (202) 367-2161

E-mail: asbmr@asbmr.org

http://www.asbmr.org

Bone Biology for Kids

Written by Susan Ott, MD

Associate Professor of Medicine
University of Washington
http://www.depts.washington.edu/bonebio/

BoneK Ey-Osteovision
http://www.bonekey-ibms.org

Centersfor Disease Control and Prevention
1600 Clifton Road

Atlanta, GA 30333 Tel: (404) 639-3311

Tel: (404) 639-3534 (public inquiries)

Tel: (800) 311-3435 (public inquiries, toll-free)
http://www.cdc.gov

Foundation for Osteoporosis Research and Education (FORE)
300 27th Street, Suite 103

Oakland, CA 94612

Tel: (888) 266-3015

Tel: (510) 832-2663

Fax: (510) 208-7174

E-mail: info@fore.org

http://www.fore.org

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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Table 1 (Continued)

International Bone and Mineral Society (IBMS)
2025 M Street NW, Suite 800

Washington, DC 20036-3309

Tel: (202) 367-1121

Fax: (202) 367-2121

http://www.ibmsonline.org

International Osteoporosis Foundation (IOF)
Swiss Office

5 Rue Perdtemps

1260 Nyon Switzerland

Tel: 41-22-994-0100

Fax: 41-22-994-0101]

E-mail: info@osteofound.org
http://www.osteofound.org

International Society for Clinical Densitometry (I SCD)
342 North Main Street

West Hartford, CT 06117-2507

Tel: (860) 586-7563

Fax: (860) 586-7550

E-mail: iscd@iscd.org

http://www.iscd.org

Kidsand Their Bones: A Guidefor Parents
http://www.niams.nih.gov/hi/topics/osptoporosi g/kidbones.htm
Revised, December 2005

National Institute of Arthritis and Musculoskeletal and Skin Disease

Milk Matters Calcium Education Campaign
31 Center Drive, Room 2A32

Bethesda, MD 20892

Tel: (301) 496-5133

Fax: (301) 496-7101

E-mail: NICHDmilkmatters@mail.nih.gov

National Dairy Councils:

In the United Kingdom

The Dairy Council

Henrietta House

17/18 Henrietta Street

London WC2E 8QH

Tel: 020-735-4030

Fax: 020-7240-9679

E-mail: info@dairycouncil.org.uk
http://www.milk.co.uk

In the United States

National Dairy Council

10255 W. Higgins Road, Suite 900
Rosemont, IL 60018
http://www.nationaldairycouncil.org

(continued)
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National I nstitutes of Health, Osteoporosis, and Related Bone Diseases,

National Resource Center

2 AMS Circle Bethesda, MD 20892-3676
Tel: (800) 624-BONE (toll-free)

Tel: (202) 223-0344

Fax: (202) 293-2356

TTY: (202) 466-4315

E-mail: niamsboneinfo@mail.nih.gov
http://www.osteo.org

National Organization for Rare Disorders (NORD)
55 Kenosia Avenue

P.O. Box 1968

Danbury, CT 06813-1968

Tel: (800) 999-6673 (toll-free)

Tel: (203) 744-0100

Fax: (203) 798-2291

E-mail: orphan@raredisease.org
http://www.rarediseases.org (last revised 10/04)

National Osteoporosis Foundation
1232 22nd Street NW

Washington, DC 20037-1292

Tel: (202) 223-2226

Fax: (202) 223-2237
http://www.nof.org

National Osteoporosis Society (NOS)
United Kingdom

Camerton, Bath BA2 OPJ

Tel: 01-76-147-1771

Fax: 01-76-147-1104

E-mail: info@nos.org.uk
http://www.nos.org.uk

Nutrition Explorations: Kids
http://www.nutritionexpl orations.org/kids/main.asp

Osteogenesis |mperfecta Foundation
804 West Diamond Avenue, Suite 210
Gaithersburg, MD 20878

Tel: (800) 981-BONE (toll-free)

Tel: (301) 947-0083

Fax: (301) 947-0456
http://lwww.oif.org

Osteopor osis Society of Canada

1090 Don Mills Road, Suite 301

Toronto, Ontario M3C 3R6

Tel: (416) 696-2663

Fax: (416) 696-2673

Toll-free (English): 1-800-463-6842 (in Canada only)
Toll-free (French): 1-800-977-1778 (in Canada only)
E-mail: info@osteoporosis.ca
http://www.osteoporosis.ca

(continued)
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Table 1 (Continued)

Paget Foundation

120 Wall Street, Suite 1602
New York, NY 10005

Tel: (800) 23-PAGET (toll-free)
Tel: (212) 509-5335

Fax: (212) 509-8492

E-mail: pagetfdn@aol.com
http://www.paget.org

Powerful Bones. Power ful Girls. (The National Bone Health Campaign)
Division of Nutrition and Physical Activity

National Center for Chronic Disease Prevention and Health Promotion
Centers for Disease Control and Prevention

4770 Buford Highway, NE, MS/K-24

Atlanta, GA 30341-3717

Tel: (770) 488-5820

Fax: (770) 488-6000

E-mail: powerfulbones@cdc.gov

http://www.cdc.gov/powerfulbones

A Report of the Surgeon General: Bone Health and Osteopor osis
October, 2004
http://www.surgeongeneral .gov/library/boneheal th/

U.S. National Library of Medicine
8600 Rockville Pike

Bethesda MD 20894

Tel: (800) 272-4787 (toll-free)

Tel: (301) 496-6308
http://www.nlm.nih.gov
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Table 2

Manufacturer Contact Information

General Electric Medical Systems, Lunar
726 Heartland Trial

Madison, WI 53717-1915

Tel: (888) 795-8627 (toll-free)

Tel: (608) 828-3663

Fax: (608) 826-7102

E-mail: info@gemedical systems.com
http://www.gemedical systems.com

Hologic, Inc

35 Crosby Drive

Bedford, MA 01730-1401
Tel: (800) 343-9729 (toll-free)
Tel: (781) 999-7300

Fax: (781) 280-0669

E-mail: support@hologic.com
http://www.hol ogic.com

Norland, Cooper Surgical, Inc.
W6340 Hackbarth Road

Fort Atkinson, WI 53538

Tel: (800) 563-9504 (toll-free)
Tel: (920) 563-9504

Fax: (920) 563-8626
http://www.coopersurgical.com
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Table 3

Makes and Models of Central X-Ray Densitometers Currently in Use

Manufacturer Model X-ray beam geometry Detector
General Electric DPX-1Q Pencil beam Nal
M edical Systems/L unar DPX-MD, DPX-MD+ Pencil beam Nal
(Madison, WI) DPX-NT Pencil beam Nal
Expert-XL Fan beam Dual-energy solid state
Prodigy Narrow-fan beam Cadium-zinc-telluride
Hologic, Inc. QDR-2000 Fan beam Multi-element detector array
(Bedford, MA) QDR-4500 Fan beam Multi-element detector array
(C,W, SL, A)
QDR-Delphi Fan beam Multi-element detector array
(C,W, SL, A)
QDR-Discovery Fan beam Multi-element detector array
(C,W, SL, A)
Norland/CooperSurgical XR-26, XR-36, XR-46 Pencil beam Two Nal scintillation detectors
(Fort Atkinson, WI) Excell, Excell plus Pencil beam Two Nal scintillation detectors

For more information regarding these instruments, please contact the manufacturers directly.
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Table 4
Useful Bone Densitometry Reference Texts

Adams J, Shaw N, eds. A Practical Guide to Bone Densitometry in Children. Camerton, Bath,
UK: National Osteoporosis Society, 2004.
ISBN: N/A Handbook

Bonjour JP, Tsang RC, eds. Nutrition and Bone Development. Nestle Nutrition Workshop
Series, V. H.

Philadelphia, PA: Lippincott Williams & Wilkins, 1998.

ISBN: 0-78171-753-1

Bonnick SL, ed. Bone Densitometry in Clinical Practice: Application and I nter pretation, 2nd
ed. Totowa, NJ: Humana, 2004.
ISBN: 1-58829-275-4

Bonnick SL, Lewis LA. Bone Densitometry for Technologists. Totowa, NJ: Humana, 2001.
ISBN: 1-58829-020-4

Favus MJ, ed. Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism,
5th ed. Philadelphia: Lippincott Williams & Wilkins, 2003.
ISBN: 0-97447-820-2

Fordam JN, ed. Manual of Bone Densitometry Measurements: An Aid to the Interpretation of
Bone Densitometry Measurementsin a Clinical Setting. London: Springer-Verlag, 2000.
ISBN: 1-85233-278-6

Glorieux FH, Pettifor JM, Juppner H, eds. Pediatric Bone: Biology and Diseases. L ondon:
Academic, 2003.
ISBN: 0-12286-551-0

Holick MF, Dawson-Hughes B. Nutrition and Bone Health. Totowa, NJ: Humana Press, 2004
ISBN: 1-58829-248-7

Office of the Surgeon General. Bone Health and Osteoporosis: A Report of the Surgeon
General. Washington DC: U.S. Department of Health and Human Services, Public Health
Service, 2004.

Blake GM, Wahner HW, Fogelman I, eds. The Evaluation of Osteoporosis: Dual Energy X-
Ray Absorptiometry and Ultrasound in Clinical Practice, 2nd Edition. London: Martin Dunitz
Ltd, 1999.

ISBN: 1-85317-472-6
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Table 5
Provision of Educational and Training Courses Available for Dual-Energy X-Ray
Absorptiometry

Thereisno universal certification course of competence in bone densitromerty or pediatric
bone densitometry. There is significant variability in requirements for licensing and training in
bone densitometry for technologists and other clinical practitioners. These requirements will
vary by state or country of origin. Regulations are subject to change. In order to find the most
up-to-date requirements for your region, contact the International Society for Clinical
Densitometry (ISCD).

I SCD offers educational courses in bone densitometry and certification examinations for
technicians who perform the exams, as well as medical professionals who interpret scans.
Details regarding this training are available on their website (http://www.iscd.org). They are
also ableto refer you to regional training areas. The National Osteoporosis Society of the
United Kingdom also offers certification courses. See their website for more information:
http://www.nos.org.uk

Table 6
Sampling of Radiation Dosages
Effective dose (uSv)

Radi oi sotope bone scan 3000
Planar lumbar spine radiograph 700
Transatlantic flight, with return trip 80
Dental bitewing 60
Chest radiograph 12-50
USairlineflight, New Y ork to San Francisco, with return trip 40
Exposure by airline crew flying New Y ork to Tokyo

(polar route), per day 25
Average dose to US nuclear industry employee, per day 6.6
Naturally occurring background radiation, per day 4-8
Hand radiograph 0.17
Average dose for dual-energy x-ray absorptiometry, per scan

(fan beam scanners)? 0.05-8.0

apleaserefer to Chapter 3, Table 1 for moredetail on manufacturers and scan-specific radiation dosages.
Data taken from the following sources:
World Nuclear Association. Radiation and the Nuclear Fuel Cycle, March 2005. Available at http://
world-nuclear.org/info/inf05.htm.
Hart D et a. National Radiological Protection Board, Oxon, 2002.
Huda W, Gkanatsios NA. Radiation dosimetry for extremity radiographs. Health Phys 1998;75:
492-499.
Faulkner KG, Gluer CC, Genant HK .. Radiation dosagesfrom bone densitometry: Comparisonsusing the
effective dose equivalent. International Conference on Osteoporosis. November 1991, Japan. Poster #152.
Operations Manuals from the DXA manufacturers, Hologic, Lunar/GE, Norland.
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Table 7
Anthropometric Techniques: Assessment of Weight and Height

Weight
Equipment:
» Anelectronic or beam balance scal e or wheelchair electronic scale: should be calibrated regu-
larly and set to zero between readings
Technique:
* Childrenshouldwear an examination gown or lightweight clothing without shoesor orthopedic
apparatuses
 Infants should be weighed without clothing or diapers
» Children should be weighed to the nearest 0.1 kg; infants, to the nearest 0.01 kg

Stature
(for children without contractures or scoliosis who can stand independently)
Equipment:
 Digital or electronic stadiometer (calibrated daily) isideal; otherwise, use a sturdy board with
secured tape measure and two stable paddle boards for the head and feet set at 90°. Measure-
ments should be to the nearest 0.1 cm.
» Head paddle, firmly perpendicular to the backboard (should glide smoothly)
» Hed plate, in alignment with the backboard
 Solid flooring (not carpeting)
Technique:
 Stature measurements begin with children =2 yr of age
» Child must be ableto stand unsupported and should be without significant scoliosisor contrac-
tures
Child should be relaxed, with arms at sides
Weight should be evenly placed on both feet
Feet should be against the heel plate and as close together as is comfortable
Heels, buttocks, shoulders, and head should be touching the back of the stadiometer
The head should be held with the Frankfurt plane (an imaginary line from the upper margin of
the ear to the lower margin of the eye socket) parallel to the floor
» With obesity or kyphosis, standard position may not be possible; positioning of feet and head
should align the spine as erect as possible
Hair clips must be removed from top of head
Lower paddle gently to top of head; any pressurelowering the paddle will alter child’ s posture
Use afoot stool to view reading at eye level, when necessary
Repeat

Length
(for children aged < 2 yr or any child unable to stand independently)
Equipment:
 Digital infantometer (calibrated daily) isideal; otherwise, use asturdy board with secured tape
measure and two stable paddle boards for the head and foot set at 90°. Measurements should
be to the nearest 0.1 cm.
Technique:

* Requirestwo peopleto hold and position the child correctly: one person (the parent can assist)
holdsthe head gently but firmly against the headboard, cupping the cheeks and the back of the
head
Position the head with the Frankfurt plane perpendicular to the board
The torso should rest flat on the length board, with the midline centered on the board
Legs should be extended gently but firmly, with the knees flat and the hips even
With the feet together and flexed at a 90° angle, glide the foot board to the heel
Best measurements are obtained when the child is relaxed—keep toys on hand for distraction
Repeat
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2 to 20 years: Boys NAME
Stature-for-age and Weight-for-age percentiles RECORD #
12 13 14 15 16 17 18 19 20
Mother'sStature ___ Father's Stature e e LT ‘ TemJ-in]
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Published May 30, 2000 dified 11/21/00).
S:)UI;CeE: Dea\)/leloped by(trrr\‘s Nla"teional Cente)r for Health Statistics in collaboration with CDC
the National Center for Chronic Disease Prevention and Health Promotion (2000).
http://www.cdc.gov/growthcharts SAFER*HEALTHIER® PEOPLE™

Fig. 1. Centersfor Disease Control pediatric growth chart for boysaged 2 to 20 yr: stature-for-age
and weight-for-age percentiles.
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2 to 20 years: Girls NAME
Stature-for-age and Weight-for-age percentiles RECORD #
12 13 14 15 16 17 18 19 20
Mother'sStature _______________ Father’s Stature s B = T—Temd in]
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Published May 30, 2000 (modified 11/21/00}).

SléUI;CeE: D:\}//eloped by trr?: Nl:ional Center for Health Statistics in collaboration with CDC
the National Center for Ghronic Disease Prevention and Health Promotion (2000). Z
hitp://www.cdc.gov/growthcharts SAFER*HEALTHIER: PEOPLE™

Fig. 2. Centersfor Disease Control pediatric growth chart for girlsaged 2 to 20 yr: stature-for-age
and weight-for-age percentiles.
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CDC Growth Charts: United States
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SOURCE: Developed by the National Center for Health Statistics in collaboration with
the National Center for Chronic Disease Prevention and Health Promotion (2000}). SAFER+*HEALTHIER* PEOPLE™

Fig. 3. Centers for Disease Control pediatric growth chart for boys aged 2 to 20 yr: body mass
index-for-age percentiles.
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CDC Growth Charts: United States
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Fig. 4. Centers for Disease Control pediatric growth chart for girls aged 2 to 20 yr: body mass
index-for-age percentiles.



192

Shnwn_ Ph?ahe Ionk at mch dnwmb .mrl I'F.'.ld the senlences lhﬂl
match the drawings. Then, mark an “X” in the box above the
drawing that you think is closest to your stage of breast growth.

G I RLS SELECT OME FROM EACH SET OF DRAWINGS BELOW.

Name

D.0.B.

Medical Record No.

Stage

@

Sta

=

Stage |

Stage

&

Stage

&

The nipple is ra
rest of the breast is still flat,

od a little. The

This is the hreast bud stage.
In this stage, the nipple is
raised more than in stage 1
The breast is a small mound
The areola is larger than
slage 1.

(3

§

The breast and areala are

away from the breast.

®

bath larger than in stage 2.
The areala does not stick out

The areola and the nipple
make up a mound that
sticks up above the shape
of the breast.
NOTE: this stage may not
happen at all for some
girls. Some girls develop
from stage 3 to stage 5
with no stage 4.

fal

4l

This 15 the mature adult
stage. The brea
developed. Only the nipple
sticks out in this stage. The
areola has moved back in

the general shape of the
breast,

are fully

the 5 stages as shown. P

SET TWO: The drawings below show 5 different

ease look at each drawing dncl r(_‘acl the sentences bel

o

B

]

ow th:ll mauh ca(h drﬂ\m . Then,
mark an “X" in the bax above the drawing that you think is closest to the amount of your pubic hair growth.
Stage Stage Stage Stage Stage

&

There is no pubic hair at all,

There is a little soft, long,

lightly-colored hair. This

hair may be straight or a
little curly.

The hair is darker in this
stage. It is coarser and
move curled. It has spread
out and thinly covers a
bigger area.

and coarse as that of an adult
female. The area that the hair
covers is nol as big as that of
an adult female. The hair has
NOT spread out to the legs,

b —— — — — —

The hair is now as dark, curly,

The hair is now like that of an
adult female. It covers the same
area as that of an adult female.
The hair usually forms a
triangular () pattern as it
spreads out 1o the legs,

Adapted from: Maorris, NM. and Udry, LR., (1980), Validati
Assess Stage of Adolescent Development. fournal of Youth and Adolescence, Vol. u No. 3: 271-280

of a Self-Administered

to

Fig. 5. Self-administered pubertal assessment form: girls. Adapted fromMorrisNM and Udry JR.
J Youth Adol 1980;9(3);271-280.
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BOYS SELECT ONE FROM EACH SET OF DRAWINGS BELOW,

SET ONE: The drawings below show 5 different stages of testes, scrotum, and penis Name
growth. A boy can go through each of the 5 stages as shown. Please look at each drawing D.0.B. Age i
and read the sentences that match the drawings. Then, mark an “X” in the box above the 3
drawing that you think is closest to your stage of penis, scrotum, and testes growth. Medical Record No.

Do not look at or select for pubic hair growth with this set of drawings.

stage [T] D stage [2] I:l stage [3] D Stage [4] : ||
S AN

of a Self-Admini

evelopment. Journal of Youth and Adolescence, Vol. Y. No. 3: 271-280,

The testes, scrotum and penis The testes and scrotum are The penis has grown in length. The penis has gotten even The penis, scrotum, and testes
are about the same size and bigger. The skin of the scrotum The testes and scrotum have bigger. It is wider. The glans are the size and shape of an
shape as they were when you has changed. The scrotum, the grown and dropped lower than (the head of the penis) is bigger. adult man,
were a child. sack holding the testes, has in drawing 2. The scrotum is darker than
gotten lower. The penis has gotten before. It is bigger because the
only a little bigger. testes are bigger.
T St

SET TWO: The drawings below show 5 differen es of male pubic hair growth. A boy can pass through each of the 5 stages as shown. Please
look at each drawing and read the sentences below that match each drawing. Then, mark an “X” in the box above the drawing that you think is closest
to your stage of your pubic hair growth. Do not look at or select for penis size with this set of drawings.

stage [T] I:] stage [2] ‘:I Stage D Stage D Stage I:'
i

N 6/ Ny

Adapted from: Morris, N.M., and Udry, LR., (1980), Validati

Assess Stage of Adolescent

There is no pubic hair at all. There is a little soft, long, lightly- | The hair is darker in this stage. It is| The hair is now as dark, curley, and | The hair has spread out to the legs.
colored hair. Most of the hair is at | more curled. It has spread out and | coarse as that of an adult man. The | The hair is now like that of an adult
the base of the penis. This hair thinly covers a bigger area. area that the hair covers is not as man. It covers the same area as

may be straight or a little curley. big as that of an adult man. The hair that of an adult man.
has NOT spread out to the legs.

Fig. 6. Self-administerd pubertal assessment form: boys. Adapted from Morris NM and Udry JR. J Youth Adol 1980;9(3);
271-280.
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school entry screen and body mass index [BMI]

The N 1 Screening C ds that the hﬂ%hl and welght of every boy in the United Kingdom be ADULT HEIGHT POTENTIAL
measured at, or around. school entry nnd the data stored he calculation of BMI for public health and the
Dataset A boys BMI centile chart [birth - 18yrs] is available. [t also features watst | @ ooeeiem
circumference centiles as a second measurenent to confirm fainess more conclusively. The International Obesity b
Task Force definitions of paediatrie overwelght fobesity [from 2-18yrs] are superimposed over the UK centiles to (b) —_—
A BMI chart can of course be used 1o monitor under-nutrition as well as over-
nutrition. The charts may be purchased in packs of 20, 50 and 100 upwards, L
growth assessment at school [dl .nnom
Il two growth assessments have not been recorded pre-school. two further assessmenis should be made after |hn.- i il
school entry check and preferably within the next 12 months In establish normal/abnormal growth. le) T cenile
20% of growth-related may not be until the school years because of their late onset or their =
assoviation with puberty. () centile centile
205 — . .05
| 6 7 8 9 10 11 12 13 14 15 16 17
200 [—— 200
195 195
190 190
185 | 185
180 | 180
175 | 175
170 170
165 | 165
155 | | 165
1680 ————— ;‘5
=
145 |— 105 &
i E
135 a5 3
| E
e
130 - 90 =
u
125 | 85 =
. : | £
| Z
115 |- 75 2
110 [, 70 =
105 65 =
| o
| &k : =
100 60 =
r £
95 55 2
=
90 50
45
40 - 40
35 35
30 - 30
25
20 =
z
15 5
10 =

Fig. 7. Boys.
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180

185

180
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school entry screen and boq,' mass index [BMI]
The N: i s that the height and weight of every girl in the United Kingdom be ADULT HEIGHT POTENTIAL
measured al, or around. schml entry and the data stored for the calculation of BMI for public health and the National
Mindmum Dataset purposes, A girls DM centile chart (birth - 18yrs] is available. It also features waist fa) cm
centiles as a second measurement to confirm fatness more conclusively, The International Obesity Task Force
definitions of paediatric overweight fobesity [from 2-18yrs] are superimposed over the UK centiles to facilitate
international comparison. A BMI chart can of course be used 1o monitor under-nutrition as well as over-nulrition.
The charts may be purchased in packs of 20 50 and 100 upwards.
growth assessment at school
If two growih assessments have not been recorded pre-schoal, two further assessmenis should be made after lhe
school entry check and preferably within the next 12 months to establish normal/at 1 growth. Ap {e) Cm 10.eecnereescentile
200 of growth-related may not be mlﬂu:sﬂmui)mh.ﬂnsen(mclrlalrorﬁtlurllﬂr
assoclation with puberty. (1] centile = centile
I T ] T T T 195
| 5 6 7 8 9 10 11 12 13 14 15 16 17
I | | | |
- |5-18yrs | 555
With provision for school f f i | | . |
e e e e e T el 100
reception class : : : - fi' | !
L B T S Reer T o |~ — 13—+~ ————1 1 == ofith 175
170
165
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Appendix B

Equations and Calculations

Table 1

Universal Standardized Equations

Poster oanterior Spine BMD Conversions Among Central DXA Devices
Hologic QDR-2000 = (0.906 x Lunar DPX-L) —0.025

Hologic QDR-2000 = (0.912 x Norland XR-26 ) + 0.088

Lunar DPX-L = (1.074 x Hologic QDR-2000) + 0.054

Lunar DPX-L = (0.995 x Norland XR-26) + 0.135

Norland XR-26 = (0.983 x Lunar DPX-L) —0.112

Norland XR-26 = (1.068 x Hologic QDR-2000) — 0.07

Equationsto Convert Manufacturer-Specific BMD (in g/cm?) for Spineto Standar dized
BMD (sBMD) in mg/cm?

sBMD = 1000 (1.0761 x Norland XR-26 BMDgjne)

SBMD = 1000 (0.9522 x Lunar DPX-L BMDgine)

sBMD = 1000 (1.0755 x Hologic QDR-2000 BMDgjne)

Equationsto Convert Manufacturer-Specific BMD (in g/cm?) for Total Hip
to Standardized BMD (sBMD) in mg/cm?

sBMD = 1000 [(1.012 x Norland XR-26 BMDy;,) + 0.026]

sBMD = 1000 [(0.979 x Lunar DPX-L BMDy, ;) —0.031]

SBMD = 1000 [(1.008 x Hologic QDR-2000 BMDy;) + 0.006]

Note: although specific models of the central dual-energy x-ray absoptiometry (DXA) devicesare noted
in the equations, the formulas may be used to convert bone mineral density (BMD) measured on any model
for agiven manufacturer tothe BM D for amodel of the other manufacturer. However, it must be recognized
that theseformulasweregenerated from dataobtained on adult patientsonly. Also, theerrorsinherentinthese
conversionsaretoo great to allow for serial monitoring of BMD to be useful among different manufacturers.

All equations are multiplied by 1000 to express the standardized BMD (sBMD) as described by Genant
HK, Grampp S, Gluer CC, Faulkner KG, Jergas M, Engelke K, Hagiwara S, Van Kuijk C. Universa
standardization for dual x-ray absorptiometry: Patient and phantom cross-calibration results. JBone Miner
Res 1994;9:1503-1514; Genant HK. Universal standardization for dual x-ray absorptiometry: patient and
phantom cross-calibration results. JBone Miner Res 1995;10:997—-998; and Hanson J. Standardization of
femur BMD. JBone Miner Res 1997;12:1316-1317.

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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Sawyer et al.

Table 2

Important Calculations and Conversions

English to Metric:
Length: 1in.=2.54 cm
Weight 11b=0.45kg

Metric to English:
Length: 1cm=0.39in.
Weight: 1kg=2.21b

Temperature:
°F=(1.8%x°C) +32

Radiation Dosages:
Gray = Gy
Sieverts= Sv

1 mrad = 10 uGy

1 mREM =10 uSv

Z-score: (observed — mean)
Standard deviation

The number of standard deviations by which the measured value departs from the mean value

of individuals matched for age and gender.

T-score: (observed — mean)

Standard deviation

The number of standard deviations by which the measured value departs from the mean value

of agroup of healthy 25- to 35-yr-old individuals.




Appendix C

Pediatric Normative Data

From: Current Clinical Practice: Bone Densitometry in Growing Patients. Guidelines for Clinical Pradice
Edited by: A. J. Sawyer, L. K. Bachrach, and E. B. Fung © Humana Press Inc., Totowa, NJ
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Table 1

Summary of Published Pediatric Reference Data Available for DXA Scanners

Reference DXA type N = Age Sex  Exclusions Ethnicity Stes
Glastre C, et al. (1) Hologic QDR 135 1-15 M/F No treatment for bone White Spine (L1-L4),
Metab 1990;70:5:1330-1333 1000 metabolism; chronic disease;

growth problems
Southard RN, et al. (2) Hologic 1000 218 1-19 M/F Endocrine, growth, renal, or Black, white  Spine (L1-L4)
1991;179:735-738. nutritional problems; premises; (U.S.)

patients using medications;

patients with more than two

fractures
Bonjour JP, et d. (3) Hologic 1000 207 9-18 M/F Weight or height < 3% or > White Femoral neck,
JClin Endo Metab 97% for age; chronic disease; (Switzerland)  spine (L2-L4)
1991;73:555-563. Gl or malabsorption; bone

disease; drugs; intense

exercise
Molgaard C, et al. (4) Hologic 1000 343 5-19 M/F Chronic disease; medications White Whole body
Arch Dis Child (pencil beam) that affect BMD (Denmark) (adjustments for
1997;76:9-15. heights, area)
Bachrach LK, et al. (5) Hologic 423 925 M/F Medica conditions; Asian, black, Femoral neck,
JClin Endo Metab 1000W (pencil  (longitudinal) medications that affect BMD Hispanic, total hip, whole
1999;84:4701-4712 beam) white body, spine (L2-L4)
Henderson RC, et al. (6) Hologic 1000, 256 3-18 M/F Medica conditions; n =212 white, Distal femur
Am J Roent 2000 (pencil medicals or injuries that n = 25 black, (forearm software
2002;178:439-443. beam) could affect BMB n = 19 other used for analysis)

(U.s)

Faulkner RA, et a. (7) Hologic 2000 234 816 M/F White Femoral neck,
Calcif Tissue Int Array mode (cross-sectional) (Canada) whole body, spine
1993;53:7-12. (L1-L4)
Faulkner RA, et al. (8) Hologic 2000 234 817 MIF (L1-L4)
Calcif Tissue Int (longitudinal)
1996;59:344-351.
Taylor A, et al. (9) Hologic 2000 94 2-9 M/F  Unusual diet; weight or height Mostly white,  Whole body
JBone Min Res Array mode < 5% or > 95% for age n =10 black
1997;12:652—655.

(continued)



10T

EllisKJ, et a. (10)
JBone Miner Res
2001;16:1658-1664.

Van Coeverden. (11)
JBone Miner Res
2001;16:774-778.

Binkley TL, et a. (12)
JClin Dens
2002;5:343-353.

LuPW, eta. (13)
JBone Miner Res
1994;9:1451-1458

LuPW, etal. (14)
JClin Endo Metab
1996;81:1586-1590

Maynard LM, et al. (15)

Am JClin Nutr
1998;68:1111-1117.

Hogler W, et al. (16)
J Pediatr
2003;143:81-88.

Fonseca AS, et a. (17)
Braz JMed Biol Res
2001;34:347-352.

del RioL, et al. (18)
Pediatr Res
1994;35:362—366.

Hologic 2000
Array mode

Hologic 2000
Array mode

Hologic 4500

Lunar DPX
Cross-
sectional and
longitudinal

Lunar DPX

Lunar DPX

Lunar DPX

Lunar DPX
Medium
mode scan

Lunar DPX-L

082 healthy + 5-18
106 with

chronic

disease
151 9-12
231 5-22
266 4-27
209 5-27
148 8-18

longitudinal
646 5-18
255 6-14
471 3mo

to21

years

M/F

M/F

M/F

M/F

M/F

M/F

M/F

M/F

Infusion: “Healthy”

Endocrine problems, asthma,
short stature, obesity, premies
treatment with steroids,

fractures >2

White, black,

Hispanic; plus
chronic
diseases; CF;
JDM; LD,
RSHIV

White

Mostly white

White
(Australia)

White
(Australia)

White (U.S))

White

White (Brazil)

White (Spain)

Whole body (Z-
scores corrected
for size)

Forearm

Total body BMC

Spine (L1-1L4),
femoral neck, whole
body

Spine (L1-L4),
femoral neck,
and volumetric
BMD calculated

Whole body

Total body
(corrected for lean
body mass)

Spine (L2-L4),
BMC, BMD

Spine (L2-L4)
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Summary of Published Pediatric Reference Data Available for DXA Scanners

Table 1 (continued)

Reference DXA type N= Age Sex  Exclusions Ethnicity Stes
Crabtree NJ, et a. (19) Lunar DPX-L 646 5-18 M/F Unkown Spine, whole body
Bone pencil beam) (U.K) (corrected for lean
2004;35:965-972. body mass)
Boot AM, et d. (20) Lunar 500 4-20 M/F Diabetes; thyroid or liver Mostly white,  Whole body, spine
JClin Endo Metab DPX-L/PED problems; taking heparin, n =21 black, (L2-L4)
1997;82:57-62/ steroids, or anticonvulsants; n=35Asian

CF; bone disease (Netherlands)
van der SluisIM, et al. (21) Lunar 444 420 MJ/F White Whole body, spine
Arch Dis Child DPXL/PED (Netherlands)  (L1-4), BMD and
2002;87:341-347 BMAD, body

composition

Zanchetta JR, et al. (22) Norland XR- 778 2-20  M/F Inclusion: “Healthy” White Whole body,
Bone 26 (Argentina) spine, femoral neck,
1995;16:3935-399S. radius, trochanter
Plotkin H, et al. (23) Norland XR- 433 2-20 F Inclusion: “Healthy” White L2-L4, adjusted
Calcif Tissue Int
1996;58:144-149. 26 (Argentina) for height

Note: Only published manuscripts are included in this summary table; abstract citations from scientific meetings are not included. If information regarding the

subjects, the scans performed, or instrument details used within a study was too limited, the citation was not included.
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Pediatric Normative Data Available for Hologic Systems

Table 2

Hologic, Inc. Pediatric BMD Database

May 2005

Caucasian Female

AP Spine Proximal femur Proximal femur Proximal Femur Proximal Femur

L1-14 Femoral Neck Gr. Trochanter Intertrochanter Total hip Whole body
Age years BMD D BMD D BMD D BMD D BMD D BMD D
3 0.441 0.048 - - - - - - - - 0.540 0.034
4 0.463 0.051 - - - - - - - - 0.584 0.038
5 0.485 0.055 0.525 0.055 0.458 0.059 0.592 0.082 0.551 0.062 0.625 0.042
6 0.508 0.059 0.549 0.059 0.469 0.061 0.620 0.085 0.573 0.065 0.661 0.046
7 0.532 0.064 0.574 0.063 0.482 0.062 0.652 0.089 0.598 0.069 0.694 0.050
8 0.558 0.069 0.603 0.068 0.499 0.065 0.690 0.093 0.628 0.074 0.729 0.054
9 0.589 0.076 0.636 0.074 0.522 0.068 0.736 0.098 0.663 0.080 0.765 0.058
10 0.629 0.085 0.673 0.081 0.556 0.072 0.790 0.103 0.707 0.087 0.805 0.061
11 0.685 0.096 0.714 0.089 0.601 0.078 0.852 0.110 0.757 0.095 0.850 0.065
12 0.758 0.108 0.757 0.096 0.651 0.084 0.916 0.116 0.811 0.102 0.899 0.068
13 0.837 0.113 0.799 0.102 0.695 0.089 0.978 0.122 0.863 0.107 0.952 0.070
14 0.902 0.110 0.832 0.105 0.726 0.093 1.030 0.126 0.904 0.110 0.999 0.072
15 0.945 0.107 0.856 0.106 0.744 0.095 1.069 0.130 0.934 0.110 1.036 0.073
16 0.973 0.105 0.872 0.106 0.755 0.097 1.097 0.132 0.954 0.109 1.063 0.073
17 0.990 0.104 0.882 0.106 0.761 0.097 1.117 0.133 0.968 0.108 1.083 0.073
18 1.000 0.103 0.888 0.106 0.764 0.098 1.132 0.134 0.978 0.107 1.097 0.073
19 1.007 0.103 0.892 0.105 0.765 0.098 1144 0135 0.985 0.107 1.107 0.074
20 1.012 0.102 0.895 0.105 0.765 0.098 1.153 0.135 0.990 0.106 1.115 0.074

(continued)
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Table 2 (continued)
Pediatric Normative Data Available for Hologic Systems

Hologic, Inc. Pediatric BMD Database
May 2005
Caucasian male

AP Spine Proximal femur Proximal femur Proximal Femur Proximal Femur
L1-L4 Femoral Neck Gr. Trochanter Intertrochanter Total hip Whole body

Age years BMD D BMD D BMD D BMD D BMD D BMD D

3 0.454 0.046 - - - - - - - - 0.560 0.037
4 0.473 0.049 - - - - - - - - 0.602 0.040
5 0.491 0.051 0.540 0.054 0.484 0.065 0.601 0.062 0.572 0.060 0.642 0.044
6 0.510 0.054 0.582 0.060 0.509 0.064 0.653 0.069 0.612 0.064 0.679 0.047
7 0.529 0.056 0.620 0.066 0.532 0.064 0.700 0.076 0.649 0.069 0.713 0.051
8 0.549 0.060 0.654 0.072 0.552 0.065 0.743 0.082 0.682 0.073 0.750 0.054
9 0.574 0.064 0.685 0.078 0.570 0.066 0.783 0.088 0.714 0.078 0.787 0.058
10 0.606 0.071 0.714 0.083 0.586 0.068 0.823 0.095 0.745 0.083 0.823 0.062
11 0.642 0.082 0.744 0.089 0.604 0.073 0.864 0.103 0.777 0.090 0.859 0.066
12 0.686 0.095 0.777 0.095 0.638 0.084 0.910 0.112 0.816 0.098 0.895 0.070
13 0.742 0.109 0.814 0.103 0.688 0.101 0.964 0.123 0.863 0.107 0.936 0.074
14 0.808 0.119 0.855 0.111 0.741 0.114 1.024 0.134 0.914 0.117 0.983 0.080
15 0.878 0.124 0.895 0.120 0.787 0.122 1.085 0.144 0.966 0.127 1.034 0.086
16 0.942 0.124 0.934 0.128 0.825 0.127 1.145 0.153 1.015 0.135 1.085 0.092
17 0.992 0.122 0.969 0.137 0.854 0.130 1.199 0.160 1.060 0.141 1.130 0.097
18 1.033 0.121 1.001 0.144 0.878 0.132 1.248 0.166 1.100 0.147 1.170 0.103
19 1.067 0.120 1.031 0.152 0.900 0.135 1.294 0.171 1.138 0.151 1.206 0.107
20 1.098 0.119 1.060 0.160 0.922 0.136 1.339 0.175 1.175 0.155 1.241 0.112

Note. Referenceval uesdevel oped from 1444 spine, 1047 hip, and 1948 whol ebody examsof healthy U Swhite children using Hologic 4500 or Del phi
systems. (From Kelly TL, Specker BL, Binkley T, et al. Pediatric BMD reference database for US white children. Bone 2005;36(supp! 1):S30.
AP, anteroposterior; BMD, bone mineral density (g/cm?); SD, standard deviation.
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Table 3

Pediatric Normative Data Available for Lunar Systems

Lunar Pediatric BMD Reference Values

Caucasian Female

Whole body Whole body Soine

Including head Excluding Head L1-L4
Age (years) g/lcm? D glen? D glen? D
5 0.793 0.02 0.622 0.04 0.624 0.06
6 0.806 0.04 0.648 0.05 0.644 0.07
7 0.819 0.05 0.674 0.06 0.664 0.08
8 0.832 0.06 0.700 0.07 0.684 0.09
9 0.845 0.07 0.726 0.07 0.704 0.09
10 0.885 0.08 0.767 0.08 0.772 0.10
11 0.925 0.08 0.808 0.08 0.840 0.11
12 0.965 0.08 0.849 0.08 0.908 0.11
13 1.005 0.09 0.890 0.09 0.976 0.12
14 1.045 0.09 0.931 0.09 1.044 0.12
15 1.085 0.08 0.972 0.09 1112 0.13
16 1.125 0.08 1.013 0.09 1.180 0.13
17 1.125 0.08 1.013 0.08 1.180 0.13
18 1.125 0.07 1.013 0.08 1.180 0.13
19 1.125 0.06 1.013 0.07 1.180 0.12
Lunar Pediatric BMD Reference Values
Caucasian Male

Whole body Whole Body Spine

Including head Excluding Head L1-L4
Age (years) glem? D glcm? D glcm? D
5 0.780 0.04 0.600 0.04 0.606 0.07
6 0.800 0.04 0.631 0.04 0.633 0.08
7 0.820 0.05 0.662 0.05 0.660 0.08
8 0.840 0.05 0.693 0.05 0.687 0.09
9 0.860 0.06 0.724 0.06 0.714 0.09
10 0.880 0.06 0.755 0.07 0.741 0.10
11 0.900 0.07 0.786 0.07 0.768 0.11
12 0.920 0.07 0.817 0.08 0.795 0.12
13 0.970 0.08 0.868 0.08 0.880 0.13
14 1.020 0.08 0.919 0.09 0.965 0.13
15 1.070 0.09 0.970 0.09 1.050 0.14
16 1.120 0.09 1.021 0.10 1.135 0.14
17 1.170 0.10 1.072 0.10 1.220 0.14
18 1.220 0.10 1.072 0.10 1.220 0.14
19 1.220 0.10 1.072 0.09 1.220 0.13

From Wacker W, Barden HS. Pediatric Reference Data for male and female total body and
spine BMD and BMC. Presented at 1ISCD, March 2001, Dallas, TX; Barden HS, Wacker WK,
Faulkner KG. Pediatric enhancements to Prodigy software: variable standard deviations and

subcranial total body results. Presented at ISCD, February 2005, New Orleans, LA.
BMD, bone mineral density; SD, standard deviation.
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Table 4
Pediatric Normative Data Available for Norland XR Systems
A. XR-System Reference Values

Caucasian Female

AP spine Femur Femur Whole-body BMD Forearm
L2-L4 Femoral Neck Trochanter ~ Whole-body BMC (g/cm?)Forearm
Age
(Years) Value D Value D Value D Value (g) D Value D Value b
2 0.38 0.06 0.46 0.02 0.38 0.05 344.5 79.9 0.733 0.039 0.38 0.05
3 0.42 0.04 0.50 0.06 0.42 0.11 446.38 78.6 0.747 0.076 0.22 0.10
4 0.45 0.09 0.53 0.13 0.46 0.12 503.15 92.5 0.743 0.049 0.20 0.04
5 0.52 0.24 0.58 0.20 0.49 0.18 671.33 30.1 0.782 0.077 0.22 0.08
6 0.34 0.09 0.62 0.17 051 0.13 716.9 24.9 0.775 0.039 0.23 0.06
7 0.52 0.10 0.63 0.14 0.53 0.12 813.15 1084 0.797 0.048 0.21 0.05
8 0.55 0.14 0.64 0.16 0.54 0.17 878.14 171.2 0.789 0.056 0.23 0.10
9 0.59 0.13 0.65 0.14 0.55 0.16 1049.12  209.7 0.806 0.054 0.24 0.04
10 0.62 0.22 0.69 0.08 0.57 0.09 1196.9 284.2 0.832 0.090 0.25 0.05
11 0.65 0.24 0.72 0.17 0.61 0.08 1257.3 274.5 0.849 0.056 0.24 0.07
12 0.72 0.23 0.77 0.21 0.67 0.08 1532.6 393.2 0.867 0.083 0.28 0.11
13 0.87 0.28 0.87 0.22 0.73 0.09 1963.7 430.3 0.964 0.101 0.31 0.14
14 0.98 0.26 0.96 0.25 0.76 0.10 223855 3138 1.004 0.091 0.36 0.13
15 0.95 0.21 0.93 0.26 0.76 0.12 222810 384.8 1.047 0.097 0.37 0.13
16 1.00 0.24 0.94 0.27 0.76 0.10 2397.22 2884 1.093 0.093 0.39 0.12
17 1.01 0.23 0.92 0.23 0.76 0.19 2396.88  282.9 1.092 0.078 0.39 0.13

18-20 0.97 0.23 0.95 0.33 0.76 0.25 2368.1 349.2 1.075 0.079 0.39 0.12
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Caucasian Male

AP spine Femur Femur Whole-body BMD Forearm
L2-L4 Femoral Neck Trochanter Whole-body BMC (glcm?) Proximal Radius

Age
(Years) Value D Value D Value D Value (g) D Value D Value D
2 0.42 0.13 0.52 0.15 0.45 0.08 431.3 41.8 0.688 0.047 0.19 0.04
3 0.48 0.07 0.54 0.10 0.48 0.16 494.2 49.2 0.748 0.063 0.21 0.05
4 0.47 0.07 0.57 0.08 0.50 0.12 526.6 82.3 0.786 0.075 0.22 0.05
5 0.50 0.10 0.65 0.12 0.56 0.14 665.0 77.0 0.806 0.046 0.22 0.03
6 0.54 0.09 0.70 0.15 0.57 0.14 723.8 347 0.801 0.091 0.23 0.07
7 0.56 0.12 0.71 0.15 0.61 0.14 855.9 96.3 0.816 0.048 0.24 0.06
8 0.59 0.10 0.73 0.15 0.64 0.17 1024.3 166.9 0.823 0.042 0.25 0.10
9 0.59 0.12 0.75 0.17 0.62 0.15 1023.03 161.7 0.828 0.055 0.26 0.07
10 0.61 0.16 0.77 0.16 0.64 0.19 1186.0 225.0 0.851 0.074 0.28 0.13
11 0.63 0.16 0.78 0.17 0.64 0.16 1334.68 274.5 0.849 0.056 0.24 0.07
12 0.62 0.23 0.80 0.16 0.67 0.16 1438.8 219.1 0.856 0.015 0.28 0.07
13 0.71 021 0.86 0.22 0.78 0.12 1779.7 311.9 0.933 0.013 0.32 0.20
14 0.79 0.33 0.90 0.24 0.81 024  2094.57 339.6 0.966 0.020 0.32 0.15
15 0.96 0.24 1.01 0.22 0.90 021  2364.89 3234 0.994 0.081 0.36 0.14
16 101 0.18 1.09 0.27 0.96 0.27  2663.55 235.5 1.096 0.080 0.39 0.11
17 1.06 0.25 1.15 0.34 0.96 025  2825.22 309.2 1.135 0.104 0.45 0.15
18-20 1.09 0.35 1.16 0.35 0.94 031  2964.9 344.8 1.165 0.106 0.47 0.11

Data collected from 433 girls and 345 boys between the ages of 2 and 20 yr.

AP, anteroposterior; BMC, bone mineral content; BMD, bone minera density; SD, standard deviation.

(From ref. 22.)
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Table 5
‘Web-Based Pediatric Normative Data for the Hologic 1000

Please refer to the following website:

http://www-stat-class.stanford.edu/pediatric-bones

The Stanford “ Applet” displays gender- and ethnicity-specific curves for bone mineral density
for whole body, femoral neck, total hip, and lumbar spine (L2-L4). Both areal bone mineral
density (aBMD) and estimates of volumetric bone mineral apparent density (BMAD) are
displayed. BMAD was calculated using bone area and bone mineral content (BMC) as
described These normative data were collected from a convenience sample of 423 healthy
American youth (ages 9-25 years) enrolled in alongitudinal study of bone mineral acquisi-
tion. Details regarding the study cohort and protocol have been published (ref. 5)
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Table 6
Pediatric Normative Data Avalable for Lateral Distal Femur

Females
ROI 1 ROI 2 ROI 3
Age Mean ROI 1 Mean ROI 2 Mean ROI 3
BMD D) Normal range BMD D Normal range BMD D Normal range
3 0.597 0.058 0.481-0.713 0.558 0.055 0.448-0.668 0.592 0.054 0.485-0.700
4 0.625 0.067 0491-0.759 0.596 0.063 0.469-0.723 0.628 0.062 0.504-0.751
5 0.652 0.075 0.502-0.727 0.635 0.071 0.493-0.777 0.688 0.069 0.530-0.806
6 0.680 0.082 0.515-0.845 0.675 0.078 0.520-0.830 0.713 0.076 0.561-08.64
7 0.710 0.089 0.532-0.888 0.716 0.084 0.548-0.884 0.761 0.082 0598-0.925
8 0.741 0.095 0.551-0.931 0.760 0.090 0.581-0.939 0.813 0.087 0.639-0.988
9 0.774 0.101 0.572-0.976 0.806 0.095 0.616-0.996 0.868 0.093 0.683-1.053
10 0.811 0.106 0598-1.024 0.854 0.100 0.654-1.054 0.925 0.098 0.729-1.120
11 0.850 0.111 0.627-1.073 0.906 0.105 0.696-1.116 0.983 0.102 0.778-1.188
12 0.893 0.116 0.660-1.126 0.961 0.110 0.741-1.181 1.042 0.107 0.828-1.256
13 0.940 0.121 0.698-1.182 1.019 0.114 0.790-1.248 1.101 0.111 0.878-1.324
14 0.992 0.126 0.741-1.243 1.082 0.119 0845-1.319 1.160 0.116 0.929-1.392
15 1.049 0.130 0.789-1.309 1.149 0.123 0.903-1.395 1.218 0.120 0.979-1.458
16 1111 0.134 0.842-1.380 1.221 0.127 0.967-1.475 1.275 0.124 1.028-1.522
17 1.180 0.139 0.903-1.457 1.298 0.131 1.037-1.559 1.329 0.127 1.075-1.584
18 1.255 0.143 0.970-1.540 1.380 0.134 1.111-1.649 1.381 0.131 1.119-1.643

(continuned)
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Males

ROI 1 ROI 2 ROI 3

Age Mean ROI 1 Mean ROI 2 Mean ROI 3
BMD D Normal range BMD D Normal range BMD D Normal range
3 0.650 0.073 0.504-0.796 0.624 0.064 0.495-0.753 0.632 0.057 0.519-0.745
4 0.660 0.084 0.492-0.828 0.651 0.074 0.503-0.799 0.668 0.065 0.537-0.799
5 0.674 0.094 0.486-0.862 0.679 0.083 0.513-0.845 0.705 0.073 0.558-0.851
6 0.693 0.103 0.487-0.899 0.708 0.091 0.526-0.890 0.743 0.080  0.583-0.903
7 0.716 0.111 0.493-0.939 0.739 0.098 0.543-0.935 0.784 0.087 0.611-0.957
8 0.744 0.119 0.506-0.982 0.773 0.105 0.563-0.983 0.828 0.092 0.643-1.013
9 0.776 0.126 0.523-1.029 0.811 0.111 0.588-1.034 0.875 0.098 0.679-1.071
10 0.813 0.133 0.547-1.079 0.853 0.117 0.618-1.088 0.926 0.103 0.719-1.133
11 0.854 0.140 0.714-1.133 0.900 0.123 0.654-1.146 0.981 0.108 0.765-1.198
12 0.900 0.146 0.608-1.192 0.952 0.129 0.695-1.210 1.041 0.113 0.815-1.268
13 0.950 0.152 0.646-1.254 1.012 0.134 0.744-1.279 1.107 0.118 0.871-1.343
14 1.005 0.158 0.690-1.320 1.078 0.139 0.800-1.355 1.179 0.122 0.934-1.424
15 1.065 0.163 0.739-1.391 1.152 0.144 0.864-1.439 1.257 0.127 1.004-1.511
16 1.128 0.168 0.943-1.465 1.234 0.148 0.938-1.531 1.343 0.131 1.081-1.605
17 1.197 0.174 0.850-1.544 1.326 0.153 1.020-1.632 1.436 0.135 1.167-1.706
18 1.270 0.179 0.913-1.627 1.428 0.157 1.113-1.743 1.538 0.139 1.280-1.815

From ref. 6.
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BONE DENSITOMETRY CLINIC

DEPARTMENTAL REFERRAL FOR DXA SCAN FORM

Referring Physician:
Office Phone:

Fax Number:

Name of Patient:

Date of Birth: / /

Medical Record #:
Insurance Type: Authorization #:
Primary Diagnosis: ICD-9:

Reason for Referral:

List Current Medications:

Fracture History? dYes (d No

If Yes, please explain:

Recent bone age? dYes [d No

If Yes, date and results:

When complete, please fax this form back to the Bone Density Clinic at:
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BONE DENSITOMETRY CLINIC: PEDIATRIC REGISTRATION QUESTIONNAIRE
CHILDREN’S HOSPITAL & RESEARCH CENTER, OAKLAND

Patient’s Name (Last, First): Today’s Date: / /

Patient’s Gender: [ Male [ Female Patient’s Date of Birth: / /

Ethnicity (circle which best describes your child):  Asian/ Black / Hispanic / White

Referring Doctor: Department:

Has your child had this type of examination before? dYes [dNo

If yes, where did you have this done?

What was the approximate date of the last exam (MM/YYYY)? __ /

Is your child right- or left-handed? d Right [ Left
Has your child ever had hip surgery? dYes [dNo

If yes, which hip was it performed on? 4 Right 1 Left 1 Both
Does your child have curvature (scoliosis) of the spine? dYes [dNo
Has your child ever broken (fractured) a bone? dYes [dNo

Has your child had any exams within the last 7 days where a contrast material (x-ray dye) was

used? If so, which exam? When was this done?

Does your family have a history of osteoporosis? dYes MNo
If yes, please describe relation to patient (e.g., mother, grandmother)

Has your child ever taken corticosteroids (e.g., prednisone)? dYes MNo

Does your child currently take any medications? dYes [dNo

If so, please list them here:
For FEMALE patients only:

Has your child begun to menstruate? dYes [dNo

If so, when was your child’s last menstrual period?

Is there any chance that your child may be pregnant? dYes MNo
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Calcium Intake:

For each food listed below, please indicate the number of servings your child (the patient)

consumes of these calcium-rich foods _in a typical week.

For example:

If you consume 0.5 cups of milk on your cereal each morning you can respond:

Milk = 3.5 servings per week

Serving # servings

Size per week
Milk, any type 1 cup
Yogurt | cup
Cheese 1 slice
Pudding V2 cup
Ice cream, frozen yogurt | cup
Macaroni and cheese 1 cup
Pizza 1 slice
Cooked green vegetables V2 cup

Other calcium-rich foods:

Does your child take calcium supplements on a regular basis? QdYes WNo

If yes, how much?

and how frequently?

For Official Use Only:
Initials of Technician:

Measured Height:
Height for age %:

BMI %:

Calculated BMI (kg/m2)

cm

Other Comments:

Fracture History Explanation:

Measured Weight
Weight for age %:

Forearm Length:

kg

(cm)
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CHILDREN’S BONE DENSITY QUESTIONNAIRE
(UNIVERSITY OF MANCHESTER)
Patient Information

Name: DOB: 1.D.

Primary disease:

Time since diagnosis:

Any other health problems:

Height: Weight: BMI:
Original Referral DXA Referral
Consultant: Consultant:
Speciality: Speciality:
Hospital: Hospital:
Fractures
Have you ever fractured any bones? dYes A No
If Yes, when, which bone, and how?
Have you had any persistent back pain in the last 12 months? A Yes [ No
Has a family member suffered from osteoporosis? d Yes A No
If Yes, who?
Mobility and Physical Activity: Mobile Patients
How much physical activity do you do per week?
[ Less than 3 hours (School activity only)
[d 3 to 5 hours (School and organized activities)
[d More than 5 hours (sports clubs)
Have you had any periods of prolonged immobility? 3 Yes A No
If Yes, when and for how long?
Mobility and Physical Activity: Immobile Patients
How do you usually get around?
Never Occasionally Frequently  Always
Walk A a J A
Walk with crutches a 3 3 EI
Chair a a a J
Bed EI 4 3 d
Do you use a standing frame? dYes A No
If yes, how often?
Do you have regular hydrotherapy 1 Yes d No
If yes, how often?
Do you have any other physical activity? d Yes 4 No

If yes, how often?
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Diet
Do you have any feeding or nutritional problems? J Yes d No

If Yes, please give details:

If No, how much milk do you drink daily?
None
0 to 1/4 pint (150 mL)
1/4 to 1/2 pint (300 mL)
1/2 to 3/4 pint (450 mL)
3/4 to 1 pint (600 mL)
More than 1 pint (600 mL)

IR Ry T Wy IRy

How often do you eat the following foods?
Occasionally  1-3 times/week ~ Most days

Cheese a U Q
Yogurt a a 3
Ice cream d a 4
Fromage frais a a a
Milk chocolate 4 a 4
Milk pudding 3 a 3
Do you take a calcium supplement? dYes d No
Do you take a vitamin supplement? d Yes d No
Medication
Do you or have you ever taken oral corticosteroids (e.g., Prednisolone?) 1 Yes (dNo
If Yes, how much and for how long?
Do you take any medication for your bones (e.g., Pamidronate) [ Yes 1 No
If Yes, for how long?
Have you ever taken hormone replacement therapy (HRT) or [ Yes d No
the oral contraceptive pill?
If Yes, for how long?
Do you take any other medication? J Yes J No
If Yes, for how long?
Puberty
Do you have any signs of puberty d Yes d No

If Yes, please fill in the appropriate information below using the pubertal self-assessment
tool provided:

Girls: Boys:

Age at menarche: Age at voice breaking:

Regular? [ Yes W No Testicular volume:

Pubic hair? 12345 Pubic hair? 12345

Breast development? 1 2 3 4 5

(Taken from “A practical guide to bone densitometry in children”
National Osteoporosis Society, November 2004)
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CHILDREN'S HOSPITAL & RESEARCH CENTER, OAKLAND NAME:
BONE DENSITY CLINIC MEDICAL RECORD#:
OAKLAND, CA 94609 DOB: AGE:
ETHNICITY:
Bone Densitometry Report
REPORT DATE: TECHNOLOGIST:
SCAN DATE:

PREVIOUS SCAN DATE(S):
PATIENT HISTORY: (free text here)
ANTHROPOMETRIC DATA:

Height (cm):
Height-for-age %:

Body mass index (kg/mz):
Body mass index %:

Weight (kg):
Weight-for-age %:

RESULTS:
Spine, Total Hip | Whole Body | Whole Body
L1-L4
Type of Analysis Array; Array, R Pediatric, Body
LDS; Array, L Fan Beam, Composition
Auto-Low Auto
Analysis
Area, cm 00.00 00.00 000.00
BMC, g 00.00 00.00 000.00 Lean, g:
BMD, g/cm2 0.000 0.000 0.000 Fat, g:
BMAD, g/cm’ 0.000 0.000 0.000 Fat, %:
~Z-score 0.0 0.0 0.0

These scans were conducted on a Hologic Delphi A Bone Densitometer (Hologic, Waltham, MA)

Notable interfering factors:

~ Z-scores calculated from the following reference data: (include reference here)

INTERPRETATION AND RECOMMENDATIONS:
(Free text here)

Thank you for referring this patient for a bone densitometry examination.

Name and Credentials of Reporting Physician or Specialist:

Key Terms: BMC: bone mineral content; BMD: bone mineral density; BMAD: bone mineral
apparent density. Z-score: the number of standard deviations by which the measured value departs
from the mean value of individuals matched for age and gender.
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THE CHILDREN’S HOSPITAL AT WESTMEAD
WESTMEAD, NEW SOUTH WALES
AUSTRALIA
MRN: XXXXX
Name:
Referring Dr:
Comments:
Scan Date: DOB: Gender:
Age: Height (cm): Weight (kg): BMI (kg/m_):
Total Body
Standard Regions
Variable BMD BMC Age Z Height Z Weight Z
Arms 0.000 -0.0 -0.0 -0.0
Legs 0.000 -0.0 -0.0 -0.0
Trunk 0.000 -0.0 -0.0 -0.0
Ribs 0.000
Pelvis 0.000
Total BMC 000.00 -0.0 -0.0 -0.0
Total BMD 0.000 -0.0 -0.0 -0.0
Other Regions
Variable BMD BMC Age7Z Height Z Weight Z
MES -R 0.000 -0.0 -0.0 -0.0
MES - L 0.000 -0.0 -0.0 -0.0
Femur
Standard Regions
Variable BMD BMC AgeZ HeightZ Weight Z
FNeck BMC - R 0.00
FNeck BMD - R 0.000 -0.0 -0.0 -0.0
AP Spine
Standard Regions
Variable BMD BMC AgeZ HeightZ Weight Z
L2-L4 BMC 00.00 -0.0 -0.0 -0.0
L2-1.4 BMD 0.000 -0.0 -0.0 -0.0
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Total Body Composition/Ancillary Results:

Region Soft Tissue (g) LTM (g) Fat(g) Fat(%) Fat% AgeZ
Arms 0000.00 0000.00 0000.00  00.00
Legs 0000.00 0000.00 0000.00  00.00
Trunk 0000.00 0000.00 0000.00  00.00
Total Body 0000.00 0000.00 0000.00  00.00 0.0
Value LTMZ BA Z Height Z
Bone Mineral Content (g) 0000.00 -0.0 -0.0
Lean Tissue Mass (LTM) (g) 0000.00 0.0
Bone Area (BA) (cm_) 0000.00 -0.0

Interpretation for age:

Region Normal Low Very Delta Delta Delta Change in
(-1.5to0 Low Age Height Weight Z since:
-2.5) V/ Z Z

Arms Date
Legs
Trunk IZ
Total BMC
Total BMD
FNeck BMD - R

L2-L4 BMC

HAdEHdHAEH ©HBE

1L2-1.4 BMD
Technical Comments: Femoral Neck ROI = 1.0 cm

Additional Comments:

Some:
Right Femoral neck
L2-14
Total Body

Example of free text: Variables are "Normal" for age but low for body size (i.c., height,
weight, bone area, or lean tissue).
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A

Acute lymphoblastic leukemia (ALL), fracture
risk in treatment, 2, 3
ALL, see Acute lymphoblastic leukemia

B

BMC, see Bone mineral content
BMD, see Bone mineral density
Bone age, estimation, 121, 122
Bone mineral content (BMC),
dual-energy X-ray absorptiometry calculation,
43,116
peak, 4
Bone mineral density (BMD),
compartment mineral density, 17
dual-energy X-ray absorptiometry spinal
estimates,
combined posteroanterior-lateral spine
bone mineral density estimation,
163, 164
lateral spine bone mineral density estima-
tion, 162, 163
volumetric bone mineral density estima-
tion from posteroanterior scans,
160-162
material mineral density, 17
peak, 4
reporting, see Dual-energy X-ray
absorptiometry report
total mineral density, 17, 18
Bone-muscle unit, dual-energy X-ray
absorptiometry assessment, 166, 167

C

Calcaneum,
dual-energy X-ray absorptiometry scans, 84
guantitative ultrasound, 26, 28
Calcium, peak bone mass and nutrition, 6
Cerebral palsy, dual-energy X-ray
absorptiometry scan collection, 140, 147

CF, see Cystic fibrosis

Computed tomography, see Quantitative com-
puted tomography

Cystic fibrosis (CF), pediatric dual-energy X-ray
absorptiometry, 63, 66

D

Diabetes, pediatric dual-energy X-ray
absorptiometry, 63
Dual-energy X-ray absorptiometry (DXA),
advantages and limitations, 18, 19
attenuation formulas, 42, 43
availability, 49
bone age estimation, 121, 122
bone mineral content calculation, 43, 116
bone—muscle unit assessment, 166, 167
central vs peripheral bone densitometry in
osteoporosis prediction, 31, 32
comparison with other bone densitometry
techniques, 176, 177
historical perspective, 41, 42
limitations,
bone detection algorithms, 53
bone size confounding, 51
projection artifacts, 51-53
reference data standardization, 53, 54
osteoporosis risk screening in adults, 8, 50, 51
pediatric use,
artifacts, 84, 86, 148, 149
challenges, 1, 9, 10, 93, 115, 116
edge detection, 86, 87
follow-up scan analysis, 111, 112, 122, 123
indications,
chronic disease, 61, 63
endocrine disorders, 63
fracture, 64, 65, 149, 152
genetic disorders, 61, 63, 152—154
idiopathic juvenile osteoporosis, 64
immobilization, 63, 64
osteomalacia, 64
osteopenia, 65
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Index

overview, 61, 62
refinement, 68, 69, 174, 175
rickets, 64
scoliosis, 64
instrument and software differencesin
anaysis, 97, 98
movement effects, 87
prospects,
body size and skeletal maturity adjust-
ment, 176
non-bone mass data studies, 175
software for analysis, 175, 176
vertebral morphometry, 176
proximal hip scan analysis,
femoral neck bone mineral apparent
density estimation, 164
fundamentals, 96, 97
hip structural analysis, 164, 165
recommendations, 108, 110, 111
software, 102, 104
rationale, 60, 61
scanning,
calcaneum scans, 84
children, 75
distal femur scans, 83, 84
distal radius scans, 83, 84
history taking, 73, 74
infants, 74, 75, 138, 139, 142, 143, 154,
155
patient preparation and positioning, 74,
76-78, 80, 82, 88
post-scan, 75, 76
postural deformities, 140, 141, 147
proximal hip scans, 81, 82
room preparation, 74
scan area, 76
scan mode, 76, 77
spine scans, 77, 78
teenagers, 75
toddlers and older infants, 75
whole-body scans, 79-81
software upgrades for analysis, 104-107
spine scan analysis,
combined posteroanterior-lateral spine
bone mineral density estimation,
163, 164
fundamentals, 94, 95
lateral spine bone mineral density esti-
mation, 162, 163

recommendations, 107, 108
software, 98-101
volumetric bone mineral density esti-
mation from posteroanterior
scans, 160-162
timing,
initial studies, 65-67
follow-up studies, 68
whole-body scan analysis,
bone mineral content, 165, 166
fundamentals, 95, 96
recommendations, 108
software, 101, 102
precision,
advantages, 50
least significant change, 49, 134
long-term,
invivo, 49
machine precision, 49
percent coefficient of variation, 48
short-term,
invivo, 49
machine precision, 49
principles, 18, 42, 43, 45
radiation exposure risks, 46-49
reference data, see Reference data, dual-
energy X-ray absorptiometry
reporting, see Dual-energy X-ray
absorptiometry report
scan time, 50
scanners, pencil beam vs fan beam, 45, 46
Z-score calculation, 117, 118, 120
Dual-energy X-ray absorptiometry report,
elements,
interpretation, 133, 134
medical history, 130, 131
patient demographics, 129, 130
recommendations, 133, 134
software proprietary report, 134
technical comments, 132
test results, 131, 132
guidelines, 128
overview, 127, 128
purpose and audience, 128
DXA, see Dual-energy X-ray absorptiometry

EF

Exercise, peak bone mass effects, 7, 8
Femur, 83,84
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Fracture,

chemotherapy effects, 2, 3

pediatric dual-energy X-ray absorptiometry,
indications, 64, 65
infants, 154, 155
nonaccidental injury, 149, 152
risk prediction, 123

pediatric epidemiology, 2

G

Glucocorticoid therapy, pediatric dual-energy
X-ray absorptiometry, 63

Greulich and Pyle Atlas, bone age estimation,
121

H

Hip, dual-energy X-ray absorptiometry

distal femur scanning, 83, 84

proximal hip scan analysis,
femoral neck bone mineral apparent

density estimation, 164

fundamentals, 96, 97
hip structural analysis, 164, 165
recommendations, 108, 110, 111
software, 102, 104

proximal hip scanning, 81, 82

I

I diopathic juvenile osteoporosis (1JO), pediatric
dual-energy X-ray absorptiometry, 64
1JO, see Idiopathic juvenile osteoporosis
Immobilization, pediatric dual-energy X-ray
absorptiometry, 63, 64
Infants, dual-energy X-ray absorptiometry
fracture assessment, 154, 155
guidelines for scanning, 138, 139
older infants, 75
variability sources, 142, 143
young infants, 74, 75

L

LDS, see Legacy low-density software

Least significant change (L SC), dual-energy
X-ray absorptiometry, 49, 134

L egacy low-density software (LDS), dual-
energy X-ray absorptiometry spine scan
analysis, 94, 99, 100, 104

LSC, see Least significant change

M,N

Magnetic resonance imaging (MRI),
advantages of bone densitometry,
30
principles, 29
MRI, see Magnetic resonance imaging
Muscular dystrophy, dual-energy X-ray
absorptiometry scan collection,
140
Nutrition, see specific nutrients

(0]

Ol, see Osteogenesis imperfecta
Osteogenesis imperfecta (Ol),
gene mutations, 152, 153
infant assessment, 154, 155
pediatric dual-energy X-ray absorptiometry,
61, 63, 152-154
types, 152, 153
Osteomalacia, pediatric dual-energy X-ray
absorptiometry, 64
Osteopenia, pediatric dual-energy X-ray
absorptiometry, 65
Osteoporosis,
definition, 2, 31
dual-energy X-ray absorptiometry for risk
screening, 8, 50, 51
epidemiology, 2
peak bone mass significance, 4, 5

P

PBM, see Peak bone mass
Peak bone mass (PBM),
attainment, 3, 4
definition, 4
determinants
exercise, 7, 8
heritability, 5
nutrition,
calcium, 6
phosphorous, 6
protein, 7
vitamin D, 6, 7
osteoporosis significance, 4, 5
Phosphorous, peak bone mass and nutrition,
6
Protein, peak bone mass and nutrition, 7
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Index

Q

QCT, see Quantitative computed tomography
Quantitative computed tomography (QCT),
axial quantitative computed tomography,
advantages and limitations, 22
data reporting, 20, 22
historical perspective, 19
scan collection, 19, 20
peripheral quantitative computed tomography,
advantages, 25
bone strength studies, 26
clinical research applications, 26
historical perspective, 22
scan collection, 22, 25
Quantitative ultrasound (QUS),
advantages and limitations, 28
historical perspective, 26
pediatric assessment, 28
sites of measurement, 26, 28
QUS, see Quantitative ultrasound

R

Radiogrammetry,
digital X-ray radiogrammetry, 30, 31
precision, 30
Radius, dual-energy X-ray absorptiometry
of distal radius, 83, 84
Reference data, dual-energy X-ray
absorptiometry,
ethnic differences, 119, 120
ideal characteristics, 117
precautions, 50
sources and selection, 118, 119
standardization limitations, 53, 54
Rickets, pediatric dual-energy X-ray
absorptiometry, 64

S

Scoliosis,
dual-energy X-ray absorptiometry scan
collection, 140

pediatric dual-energy X-ray absorptiometry,
64
Spine,
axial quantitative computed tomography,
advantages and limitations, 22
data reporting, 20, 22
historical perspective, 19
scan collection, 19, 20
dual-energy X-ray absorptiometry,
scan analysis,
combined posteroanterior-lateral spine
bone mineral density estimation,
163, 164
fundamentals, 94, 95
lateral spine bone mineral density
estimation, 162, 163
recommendations, 107, 108
software, 98-101
volumetric bone mineral density
estimation from posteroanterior scans,
160-162
scanning, 77, 78
vertebral morphometry, 176

-V

Tanner Whitehouse |11 method, bone age
estimation, 121

Ultrasound, see Quantitative ultrasound

Vitamin D, peak bone mass and nutrition, 6, 7

\%

Whole-body dual-energy X-ray absorptiometry,
scan analysis,
bone mineral content, 165, 166
fundamentals, 95, 96
recommendations, 108
software, 101, 102
scanning, 79-81

z

Z-score, calculation for dual-energy X-ray
absorptiometry, 117, 118, 120





