
P
T
L

T
i
t
t
w
t
s
g
t
r
p
t
t
c
m
f
p
i
p
o

*
†

‡
S

A

0
d

ediatric Dual-Energy X-ray Absorptiometry:
echnique, Interpretation, and Clinical Applications

arry A. Binkovitz, MD,* Maria J. Henwood, DO,† and Paul Sparke‡

This article reviews the dual-energy x-ray absorptiometry (DXA) technique, its interpreta-
tion, and clinical applications with emphasis on the considerations unique to pediatrics.
Specifically, the use of DXA in children requires the radiologist to be a “clinical patholo-
gist,” monitoring the technical aspects of the DXA acquisition, a “statistician” knowledge-
able in the concepts of Z-scores and least significant changes, and a “bone specialist,”
aware of the DXA findings in a large number of clinical diseases, providing the referring
clinician with a meaningful context for the numeric result obtained with DXA.
Semin Nucl Med 37:303-313 © 2007 Elsevier Inc. All rights reserved.
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he result of a dual-energy radiograph absorptiometry ex-
amination (DXA) is a number and a diagnosis and, thus,

t is different than all other imaging studies. As a laboratory
est, the DXA examination generates a numeric result, and
he imaging specialist must have expertise in the processes by
hich that number is generated and insure that meticulous

echnique was used.1 He or she must be knowledgeable in the
tatistical limitations of a numeric result and be able to sug-
est appropriate follow-up intervals based on the examina-
ion’s precision2 and also must evaluate the result based on
elevant patient factors and give a clinically meaningful inter-
retation. Imaging specialists should be knowledgeable of
he limitations of the use of DXA in children.3 These limita-
ions include the errors introduced in scan interpretation
aused by the areal rather than volumetric density measure-
ents DXA obtains, the impact the skeletal growth has on

ollow up measurements, the lack of consensus regarding the
atient demographic and physiologic factors that should be

ncorporated into normative databases, and the uncertain
rognostic value of pediatric DXA with regard to fracture risk
r peak bone mineral density (BMD).4
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real Versus Volumetric BMD
XA relies on the differential absorption of x-rays to distin-
uish tissues of different radiographic density. Additionally,
XA can quantify (in grams) the bone mineral content (BMC)
t various body sites. By selecting regions of interest (ROIs), a
one area (BA; units of cm2) is delineated. The BMD is mea-
ured directly (in units of g/cm2) for each pixel in the ROI by
omparing the x-ray attenuation of that pixel to a reference
tandard. This value is multiplied by the pixel’s area to derive
hat pixel’s BMC with units of grams. The summed areas of all
he pixels in the ROI equals the BA, and BMD � BMC/BA.

The DXA-derived BMD is based on the 2-dimensional pro-
ected area of a 3-dimensional structure because the third
imension, depth, cannot be accounted for directly in that it

s in the same direction as the x-ray beam. Therefore, BMD is
n areal (aBMD), rather than a true volumetric (vBMD) den-
ity. Because the third dimension is unaccounted for, prob-
ems with DXA-derived BMD can arise.5 Specifically, smaller
ones will be found to have lower aBMD than larger bones
ven when the vBMD is the same (Fig. 1).5 Also, a child’s
ones grow over time and the growth of individual bones is
ot uniform in 3 dimensions. Errors caused by the measure-
ent of an areal BMD with DXA make comparison of fol-

ow-up and baseline studies more challenging to interpret in
ediatric patients.4

echnical Aspects
f DXA Performance

atient positioning and ROI selection require precision6 and
eed to be evaluated by the radiologist for each study. The

pecifics of patient positioning for DXA and details of ROI
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304 L.A. Binkovitz, M.J. Henwood, and P. Sparke
election can be found in standard DXA textbooks and are
llustrated in Figure 2. Because of the normally low BMD in
oung children, software analysis is modified to improve
dge detection of lower-density bone. Such algorithms have
een validated in healthy, obese, and chronically ill chil-
ren.7 Using an adult algorithm will significantly overesti-
ate BMD in a child compared with the results obtained
sing the pediatric low-density algorithm (Table 1) because

ower density “bone pixels” will be excluded using the adult
lgorithm.8,9

The sites selected for BMD analysis needs to provide a
obust evaluation of bone density status. If technically feasi-
le, the DXA examination should include the lumbar spine
nd total body BMD.3 There is normative DXA data for the
dolescent hip, especially in girls,10 and for these patients this
ite may be a useful addition to the standard examination.

hen evaluating group data of normal children, there is
sually close correlation of BMD between the lumbar spine
nd hip11 but for individuals, when the DXA results deviate
rom normal, there is less concordance between these 2 sites.
f evaluation of the spine and hip is not feasible because of
xtensive orthopedic hardware or patient positioning issues,
XA of the forearm or distal femur12,13 may be performed.
owever, there are few normative data for pediatric forearm

tudies and the value obtained may be useful only when
ompared with subsequent studies. Because of its lack of
real density-related errors, total body BMC is preferred for
he assessment of bone status by some clinicians and re-
earchers.14 The identification of a thoracic body compres-
ion deformity in patients with low bone density has signifi-

igure 1 For 2 bones of known BMD � 1 g/cm2, the DXA-derived
real BMD will be greater in the larger bone because of the lack of
ccounting for the true volume of the measured bone. It should be
oted that the larger cube will be stronger than the smaller cube.
Adapted from Carter et al.5)
ant prognostic value, indicating a greater risk of subsequent g
ertebral compression fractures. Evaluation of the thoracic
nd lumbar spine can be achieved with modern DXA scan-
ers and can identify thoracic compression fractures that
ould have been otherwise undiagnosed.15 Thus, vertebral
orphologic assessment may be an important adjunct in the
iagnosis of pediatric osteoporosis. DXA requires very low
adiation doses. The effective dose for lumbar spine and
hole body DXA is between 1 and 5 �Sieverts16 and is less

han the dose of a PA chest x-ray.

ccuracy, Precision, and
east Significant Change

t is important for the imaging specialist to understand the
ccuracy and precision of DXA. Accuracy refers to how
losely a measured value approximates the true value as de-
ermined by a “gold standard” technique. For bone mineral
ontent, the gold standard is the laboratory assessment of
shed bones and DXA measurements of BMC are within 7%
o 9% these measurements17,18 Precision is the reproducibil-
ty of a measurement and has short- and long-term compo-
ents. It is expressed as the coefficient of variation (CV).
hort-term precision reflects both the imprecision of the
quipment (manufacturers report this to be less than 1%,) as
ell as the variation in patient positioning and motion effects,

typical values are less than 2-3% for the spine, up to 5% for
he hip, and 1-2% for the whole body).16,19,20 This compo-
ent varies with each technologist and should be calculated
ith a repeated measures procedure.2 Long-term precision is
measure of machine drift and is normally less than 1%.
uality control scans of phantoms graphed over time should
e reviewed by the imaging specialist for detection.17

Because the DXA result is a number, the imaging specialist
ust be aware that the magnitude of change considered to be

tatistically significant varies with the precision of the mea-
urement technique. This is expressed in terms of the least
ignificant change (LSC) and is equal to 2.8 � %CV for the
5% confidence limit.2 If the %CV were 1.5%, then a change
rom the baseline measurement of 4.2% would be required
or it to be considered significant. The LSC also can be used to
uggest the timing of follow-up measurements, ie, if the LSC
s 4.2% and the expected annual rate of change in the BMC or
MD is 2%, a follow-up study before 2 years have elapsed
ould likely result in a value not statistically different than

he baseline. The annual rate of change in BMC and BMD
aries considerably during childhood, with dramatic acceler-
tion of bone mineral accrual during early pubertal,21-23 es-
ecially in females.22 The annual rates of change for early-
tage and late-stage adolescents are approximately 25% and
0% for BMC and 10% and 3% for BMD, respectively.24 For
ost pediatric conditions, follow-up examinations are ob-

ained between 6 and 12 months.

ndications for Pediatric DXA
he International Society for Clinical Densitometry has sug-

ested that a DXA examination should be obtained in any
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Figure 2 (A) Anteroposterior (AP) DXA image of the lumbar spine shows regions of interest from L1 to L4. The bone area
and mineral content are used to derive the bone mineral density at each level. The areal density is based on the bone
area; the depth dimension is not directly assessed with DXA. (B) AP DXA image of the lumbar spine shows regions of
interest from L1 to L4. AP DXA image of the left hip shows regions of interest of the femoral neck, greater trochanter,
and total hip. (C) Total body DXA scan with subregions of interests for trunk, extremities, and head. Note transitional
lumbosacral vertebral body. (Adapted from Binkovitz and Henwood,46 with permission from Springer Science and

Business Media.)
able 1 Effect of Pediatric Versus Adult Software Analysis on Bone Area and Bone Mineral Content Results

Region
Pediatric

Area (cm2)
Pediatric
BMC (g)

Pediatric
BMD (g/cm2)

Adult
Area (cm2)

Adult
BMC (g)

Adult
BMD (g/cm2)

eft arm 201 93 0.465 114 71 0.622
ight arm 196 97 0.497 116 76 0.655
eft ribs 79 40 0.507 75 39 0.511
ight ribs 98 51 0.525 92 48 0.525
-spine 85 48 0.569 83 48 0.524
-spine 49 28 0.50 33 20 0.599
elvis 179 136 0.760 115 95 0.829
eft leg 353 269 0.76 228 199 0.873
ight leg 338 245 0.724 226 187 0.829
ubtotal 1,577 1,008 0.639 1,081 782 0.723
ead 233 367 1.572 233 367 1.572
otal 1,810 1,375 0.759 1,315 1,149 0.874

otal body DXA from a 13-year-old patient processed using pediatric and adult software analysis. Note decreased BA (1,315 cm2) and BMC
(1,149 g) but increased BMD (0.874 g/cm2) with the adult technique. Low-density portions of the bone are included using the pediatric
technique and thus a larger BA (1,810 cm2) with a greater BMC (1,375 g) are obtained, but the BMD (0.759 g/cm2) is lower because of the
inclusion of low density “bone pixels.”
dapted from Binkovitz and Henwood,46 with permission from Springer Science and Business Media.
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306 L.A. Binkovitz, M.J. Henwood, and P. Sparke
hild being treated or considered for treatment of osteoporo-
is.3 The National Osteoporosis Foundation lists the follow-
ng indications for DXA in children: systemic long-term ste-
oids, chronic inflammatory conditions, hypogonadism,
rolonged immobilization, osteogenesis imperfecta, idio-
athic juvenile osteoporosis, recurrent low-trauma fractures,
nd apparent osteopenia on radiographs.14 DXA is inappro-
riate for the evaluation for skeletal pain, chronic disease or
raumatic fractures, without any of the additional risk factors
isted previously.16 The National Institutes of Health and the
merican College of Rheumatology recommend a baseline
XA study when systemic corticosteroids will be used for
reater than 2 months or when there is a significant risk for
steoporotic fracture.25,26 The American College of Radiology
ists DXA of the lumbar spine and hip as highly appropriate
or children at risk factor for osteoporosis.27

ediatric DXA Interpretation
s with other laboratory tests, the numeric value reported is
eaningless without comparison to the appropriate normal

ontrols. Once a comparison is made, the reported value is
iven as a percentile or a standard deviation score, the Z-
core. The T-score (comparison of the current Z-score with

able 2 Normative Databases for Pediatric BMD

Year M/F Age Range Input

992 28/29 Newborn GA, weight, heig
SA

992 22 total 1-24 mos GA, weight, heig
SA

996 82/68 GA 27-42 wks Weight
991 84/32 2-17 yrs Weight and Tann
993 86/68 5-18 yrs Sex and Tanner
998 140/201 4-19 yrs (L) Sex and Tanner
002 188/256 4-20 yrs (L) Sex and age

Sex and Tanner
002 107/124 5-22 yrs Sex and age

Sex and height
Sex and TBMC

005 Up to 1,948 3-20 yrs Sex and age
991 109/98 9-21 Sex and Tanner
996 110/124 8-17 yrs (L) Sex and age

9991 193/230 9-25 yrs Sex, age, and eth

004 0/422 12-18 yrs Age, weight, and
ethnicity

0012 0/151 9-14 yrs (L) Breast stage and

003 210/249 3-30 yrs Sex, height, or a
002 117/139 3-18.5 yrs Age

nput refers to patient parameters. Output refers to normative da
http://www-stat-class.stanford.edu/pediatric-bones and http://w

A, gestational age; L, longitudinal study; SA, surface area; T, to
apparent density.

dapted from Binkovitz and Henwood,46 with permission from Sprin
eak adult BMD) is used in adult interpretation of DXA but t
hould not be included in the pediatric DXA report.3 Because
he T-score is a measure of bone density loss since early
dulthood, its use in children whose BMD has yet to peak is
eaningless. Because the World Health Organization’s DXA-

ased definitions of osteopenia and osteoporosis are in terms
f T-scores, T ��1.0 and T ��2.5, respectively, a different
erminology is needed for children.3 Some clinicians and re-
earchers use the terms osteopenia and osteoporosis in chil-
ren when Z-scores are less than �1.0 and �2.5, respec-
ively. The phrase “low bone density” has been
ecommended for DXA reports.3 Importantly, the diagnosis
f osteoporosis should not be made on DXA results alone but
hould take into account other patient factors.

Much of the research in pediatric DXA has focused on
etermining which factors most influence BMD and should
e accounted for in the development of normative databases.
ormative data provided by the DXA manufacturers histor-

cally have not included the parameters currently thought to
e most important for interpretation. The factors of age, sex,
thnicity, and physiologic maturity level have been exten-
ively studied. There are numerous published pediatric nor-
ative databases (Table 2)28-40 that were developed using a

ariety of scanners and processing software and are based on
arious combinations of demographic and physiologic pa-

Output Reference

LBMD, LBMC 29

LBMD, LBMC 29

TBMC, TBMD and TBA 30
LBMD 31
TBMC, % fat 32
TBMC, TBMD, TBA 33,34
LBMD. LBMAD, TBMC, % fat 35,36
LBMD. LBMAD, TBMC and TBMD 35,36
TBMC and TBA 37
TBA 37
TBMD 37
LBMD, FNBMD and TBMD 38
LBMC, LBA, LBMD and FN BMD 22
LBMC, LBMD, FN BMC, FN BMC,

TBMC and TBMD
23,39

LBMD, LBMAD, Hip BMD, Hip BMAD,
FN BMD, FN BMAD, TBMD and
BMC/Ht

40

LBMD, LBMAD, FN BMD and FN
BMAD

10

LBMC, LBMD, FN BMC, FNBMD, FA
BMBMC and FA BMD

41

LTM, TBMC/LTM 49
Distal fem BMD 13

ided in the reference database. Further data available online at:
.edu/bodycomplab.

lumbar; FN, femoral neck; FA, forearm; and BMAD, bone mineral

ience and Business Media.
ht,

ht,

er

or age

nicity

age

ge

ta prov
ww.bcm
tal; L,
ient variables. Rather than simplifying pediatric DXA inter-

http://www-stat-class.stanford.edu/pediatric-bones
http://www.bcm.edu/bodycomplab
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Pediatric DXA 307
retation, the sheer number of available normal databases
as made DXA interpretation confusing and, at times, erro-
eous.41 To report the numeric result generated from the
anufacturer’s automated processing without consideration

f factors specific to the patient being studied is unacceptable
nd often will lead to misdiagnoses and may result in inap-
ropriate therapy.42 In fact, the diagnosis of osteoporosis in a
hild based on a DXA result often is a misinterpretation of the
can data.43 The most common causes for misdiagnosis are
he use of T-scores, inappropriate normative data sets, inad-
quate ROIs, and inattention to short stature.

As with any other radiological study, a methodical evalu-
tion of the results should be undertaken to minimize the risk
f misdiagnosis. The imaging specialist needs to review pa-
ient data, including age, sex, ethnicity, weight, height, and
anner stage (if provided). Patient positioning should be
valuated and ROIs analyzed for artifact and appropriateness.
omparison should be made to previous studies to insure
onsistency in positioning and ROI selection. Changes in
atient height, weight, and Tanner stage should be noted.
nce these steps have been taken, interpretation of the nu-
eric result is performed with an appropriate database for

omparison purposes selected. Ideally, this is based on data
enerated locally using the same equipment and technolo-
ists but this is rarely possible. More complex and scientifi-
ally rigorous analyses of DXA results have been sug-
ested44,45 and are discussed in detail elsewhere.46

one Growth and BMD
s mentioned previously, bone size affects the DXA result.
one growth confounds DXA interpretation and is one of the
ajor limitations of its use in pediatrics. The effect of bone

ize needs to be accounted for when the DXA result is com-
ared with prior results or to normative values. These prob-

ems could be avoided, at least in part, if a true volumetric
MD was available with DXA. As this is not possible with
urrent DXA technology, investigators have attempted to es-
imate bone volume using DXA and thus minimize the effect
he growing skeleton has on the DXA BMD result.43,47-49 A
econd approach has been to evaluate total body BMC,
BBMC, since it is determined with greater accuracy and
recision than BMD.50 A third approach focuses on the fun-
amental relationship between the mechanical stresses a
one experiences through muscle action and its mineral con-
ent. Changes in lean tissue mass explain greater than 95% of
he variation in TBBMC.31,34 By incorporating lean tissue
ass/height and height/age into the DXA interpretation, pa-

ients can be grouped as normal or as having a primary
bone), a secondary (muscle), or a mixed defect.31

linical Applications
ormal bone mineral accrual requires adequate dietary in-

ake and intestinal absorption of calcium and other nutrients,
epatic and renal activation of Vitamin D, normal hormone

evels, and neuromuscular functioning with sufficient stress

n bone to induce mineral deposition. Low BMD can result D
rom a wide variety of childhood diseases and the treatments.
his section summarizes clinical pediatric DXA and can be
sed to assist imagers and clinicians in DXA utilization and

nterpretation.
Gastrointestinal diseases may impact bone health in sev-

ral ways. Poor calcium intake, as in patients with milk al-
ergy or other causes of dairy restriction,51-53 and reduced
alcium absorption, as in patients with untreated celiac dis-
ase,54 resulted in low BMD. Early correction of the underly-
ng deficiency allows for normal bone mineralization to
ccur.55-57 In addition to poor calcium absorption, inflamma-
ory bowel disease (IBD) likely impacts bone health through
ther factors, including chronic diarrhea, decreased lean tis-
ue mass, reduced physical activity, and CS therapy.58,59 As in
ll chronic conditions, correction for short stature and de-
ayed maturation will show many of these patients have nor-

al or near-normal BMD60,61 and will better identify which
atients with low lumbar BMD have significantly reduced
one mineralization. The effects of liver dysfunction on bone
ealth are complex and may involve vitamin malabsorption,
ailure of vitamin D activation, calcium malabsorption, and
alnutrition. Argao et al62 evaluated children with a variety

f chronic cholestatic liver diseases and found distal radial
MC to fall quickly after birth and in infancy. The values
emained low throughout childhood and reflected the sever-
ty of the underlying hepatic dysfunction. Malabsorption of
at-soluble vitamins, particularly vitamin D, was found to
educe LS and TBBMC significantly.63 Normalization of LS
MC and BMD in patients with childhood liver failure who
ere at least 1-year status after orthotopic liver transplanta-

ion is to be expected and this normalization is unaffected by
he severity of bone disease or cholestasis before transplanta-
ion.64

Chronic kidney diseases (CKDs) result in abnormal bone
etabolism via disturbances in calcium and phosphate han-
ling, altered vitamin D and parathyroid hormone levels and
unction, and altered renal clearance of aluminum and other
etabolites. Additional factors that affect the BMD in patients
ith CKD include malnutrition, metabolic acidosis, anemia,

nd growth hormone abnormalities resulting in growth re-
ardation. Several investigators have found normal TBBMD
nd TBBMC as well as normal LS BMD in children with CKD
hen the vitamin D levels were normal and DXA values were

orrected for height.65-67 Boot et al67 reported normal LS and
BBMD in patients with CKD of relatively short duration and

n the setting of adequate vitamin D replacement. Two-year
ollow-up of these patients demonstrated continued mainte-
ance of normal BMD. Height-corrected LS BMD was re-
uced initially after transplantion because of CS treatment
equired for rejection, but by three years the BMD had nor-
alized.65,68-70

Endocrinologic diseases disrupt the normal hormonal bal-
nce required for skeletal development. Rates of bone min-
ralization increase throughout puberty until peak bone
ass is achieved in early adulthood. Although major differ-

nces occur based on sex and skeletal site,21 pubertal hor-
ones play a critical role in bone mass acquisition. Accurate

XA evaluation of children with growth hormone deficiency
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308 L.A. Binkovitz, M.J. Henwood, and P. Sparke
GHD) or idiopathic short stature (ISS) must account for
heir smaller bones.46 Children with GHD will present with
ow areal71 and volumetric LS72 BMD when first diagnosed.

ith sustained growth hormone replacement, GHR, these
alues have been reported to remain stable72 or normalize
apidly.73 Increases in BMD occurred even after peak height
as achieved, indicating the need for GHR until peak BMD is

chieved.74,75 Reproductive hormones play an important role
n the acquisition of bone mineral and estrogen is known to
ave a protective effect against the development of osteopo-
osis in postmenopausal women. Several researchers have
nvestigated the effects of hormonal birth control use on BMD
n adolescent girls.

The trend toward lower estrogen levels in oral contracep-
ives (OCs) has been associated with decreased BMD in ado-
escent girls who use OCs.76,77 Progesterone-mediated im-
lantable contraceptives (Depo-Provera) has been shown to

nhibit bone mineral acquisition in the LS and hip in adoles-
ent girls78-80 The extent of this reduction appears to correlate
ith duration of treatment and can be lessened with supple-
ental estrogen.80 Partial or full BMD recovery can occur

fter cessation of treatment and can be facilitated with in-
reased physical activity and adequate calcium and vitamin D
ntake. Girls with anorexia nervosa have been found to have
ecreased BMD at multiple skeletal sites.81-83 These reduc-
ions are thought to be the result of a combination of nutri-
ional (decreased calcium and caloric intake), hormonal (de-
reased estrogen levels and delayed puberty), and
echanical (decreased lean tissue mass) factors. With normal

aloric intake and return of menses, there is biochemical
vidence of increased bone turnover; however, BMD levels
emain low and Z-scores may continue to fall.80 It is not
nown if full BMD recovery will occur by early adulthood.
strogen replacement with OC and vigorous exercise can
rotect against BMD loss in anorexia nervosa.84

Chronic pulmonary diseases result in low BMD because of
hronic hypoxia, chronic CS use, and reduced lean tissue
ass. Additional factors affecting many patients with cystic
brosis (CF), such as reduced gastrointestinal absorption of
alcium and vitamin D and reduced testosterone levels, will
lso result in low BMD. Because of the multifactorial nature of
educed BMD in CF, BMD Z-scores often reflect the severity
f illness. Clinically stable children with mild CF have been
hown to have normal BMD,85-87 and adolescents and adults
ith CF have accelerated bone loss over time reflecting dis-

ase progression.88-91 Bhudhikanok92 suggested that bisphos-
honates might be beneficial in CF patients with accelerated
one loss who require CS therapy. The benefits of intrave-
ous93,94 and oral95 bisphosphonate treatment in CF have been
onfirmed with increases in LS and hip BMD. Asthma may in-
ibit normal bone metabolism due to chronic hypoxia and de-
reased physical activity. Additionally, asthmatic patients are
reated with both oral and inhaled CS to reduce airway inflam-
ation. Patients treated with low or moderate levels of inhaled
S have been shown to have normal BMD Z-scores when com-
ared with asthmatic controls but reduced BMD Z-scores when
ompared with nonasthmatic controls because of the shorter

tature of asthmatics.96-99 Allen100 and Harris101 found signifi- a
ant reductions in BMD in asthmatic children receiving high
oses of inhaled CS.
Hematologic diseases, including chronic anemias, can af-

ect bone structure and density through bone marrow hyper-
lasia, resulting in an expansion of the medullary space, tra-
ecular coarsening, cortical thinning, and vaso-occlusion

eading to medullary and diaphyseal infarction. Additional
actors for reduced BMD include reduced lean tissue mass,
ecreased physical activity, low calcium intake, and low vi-
amin D levels and hypogonadism and, in the case of thalas-
emia, endocrine dysfunction. Investigators found low BMD
n both pre- and postpubertal children with sickle cell ane-

ia and that low BMD correlates with disease severity.102-105

hese changes were found to persist into adulthood.106 Vo-
iatzi107 and Beningo108 evaluated children with thalassemia
ajor and found reduced BMD at diagnosis and showed

urther reductions at follow-up. Patients with hemophilia are
t risk for osteoporosis because of reduced levels of physical
ctivity and sports, particularly those involving running,
umping, and axial loading of the skeleton. The severity of
emophilic arthropathy can be quantitated using a clinically
erived joint score, which has been found to correlate with
MD.109 Low BMD was independent of height and weight but
orrelated with disease severity and extent. These changes are
xpected to persist into adulthood.110

Oncologic diseases can result in low short- and long-term
MD in patients/survivors through multiple factors. These

nclude pubertal status at diagnosis, type of malignancy, local
ersus systemic disease (sarcomas and central nervous sys-
em tumors versus leukemia), initial versus prolonged dis-
ase-related disability (malnutrition and immobilization ver-
us amputation), chemotherapy, and radiation therapy that
ay cause growth hormone or gonadal dysfunction.
Acute lymphocytic leukemia (ALL) is the most common

hildhood malignancy, but because of its excellent prognosis,
ost children with ALL survive into adulthood. Arinoski111

ound reduced BMD up to 20 years after treatment. The use
f high-dose methotrexate (MTX) and whole brain irradia-
ion (WBI) were found to correlate with low BMD. Differing
esults were presented by Brennon,112 who also reported sig-
ificantly reduced LS, hip, and distal radial BMD in long-
erm survivors of ALL but found no statistically significant
orrelation of BMD with WBI, growth hormone status, or
eight Z-scores. These results suggest that the low BMD
ound in their patients was more likely related to effects of
hemotherapy rather than WBI. van der Sluis et al113 found
ormal LS and TBBMD a mean of 10 years after ALL treat-
ent that included high-dose MTX and CS but not WBI.
heir patients had all been prepubertal at the time of initial
iagnosis and none had signs of significant gonadal or growth
ormone dysfunction at the time of follow-up. These and
ther authors concluded that the deleterious effects of ALL
nd its treatment in childhood on BMD may be caused by
BI but, in its absence, BMD will normalize after puberty in

arly adulthood.114,115

Jarfelt116 examined bone turnover and growth hormone
tatus with respect to physical activity levels and BMD in

dult survivors of childhood ALL. The patients were all pre-
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ubertal at the end of treatment and had been treated with
igh doses of CS and MTX. No patient had evidence for
onadal or endocrine dysfunction. The BMD values were
ormal for the group. Only the level of physical fitness at
ollow-up correlated positively with BMD. The authors
tressed the importance of physical activity in restoring and
aintaining normal BMD in survivors of childhood ALL. In

ummary, children with ALL will have reduced BMD during
reatment and shortly thereafter. The recuperative capacity in
oung children is high, and normal BMD should be expected
ven after high dose MTX and CS. The role of adequate phys-
cal activity is being increasingly stressed as an important
actor in normal BMD recovery. Children who have survived
LL may be at risk for low BMD as adults if they have con-

ounding factors such as gonadal dysfunction.
There are only limited data regarding the effects of other

hildhood malignancies on BMD. Aisenberg et al117 and
assilopoulou-Sellin et al118 found reduced femoral neck and
BBMD in young adult survivors of various childhood can-
ers. Gonadal dysfunction caused by pelvic or WBI was the
actor most strongly correlated with reduced BMD. CS treat-

ent did not correlate with low BMD. Nysom et al119 re-
orted normal size-adjusted TBBMC in adult survivors of
hildhood lymphoma. They found no relationship between
BBMC and cumulative MTX or CS doses. Kelly et al120 eval-
ated adult survivors of various pediatric solid tumors and
ound reduced BMD in at least one site in half of the patients.
nly the total number of chemotherapeutic agents was cor-

elated with reduced BMD. Five of 6 extremities involved
ith a bone sarcoma showed reduced BMD. Similar results
ere found in a group of sarcoma survivors reported by
uza.121 Interestingly, they found that those diagnosed be-

ore puberty had more severe BMD reductions later in life,
hich may be attributable to the extensive physical disabili-

ies associated with amputations and limb salvage procedures
n these patients. Odame et al122 found that patients with
hildhood brain tumors treated with cranial irradiation had
educed LS and TBBMD and that these were correlated with
educed physical activity and poorer quality of life. The au-
hors postulated that the higher radiation doses used for the
reatment of brain tumors had a profound effect on long-term
MD compared with the relatively lower doses used for WBI

n the treatment of ALL.
Neurologic, connective tissue, and muscular diseases in-

erfere with the fundamental relationship between mechani-
al forces exerted on bone and bone accrual. Children with
erebral palsy, CP, are at increased risk for osteoporotic frac-
ures and frequently, the assessment of the LS and hips with
XA will be impossible due to difficulties in positioning pa-

ients with contraction deformities, muscular spasm-induced
otion artifacts, or orthopedic hardware-related artifacts.
ecause of these limitations, Harcke12 suggested scanning the
istal femur with these patients positioned on their side.
istal femoral BMD was found to correlate with hip BMD and

his technique yielded highly reproducible BMD data.13

In a study of children with CP, Henderson et al123 demon-
trated reduced LS and hip BMD. Nutritional and ambulatory

tatus were found to be the best predictors of BMD. In chil- T
ren with moderate to severe CP, Henderson et al124 found
istal femur and LS BMD to be markedly reduced and both
losely correlated with disease severity. Distal femoral BMD
as negatively correlated with age, indicating progressive
one mineral deficits as children with CP age. The lack of a
trong correlation between LS BMD and fracture risk in the
ower extremities emphasizes the need for direct assessment
f the distal femur with DXA in CP patients. In a prospective
ongitudinal study in CP patients, Henderson et al125 found
reatment with bisphosphonates for 1 year resulted in a sub-
tantial increase in distal femoral BMD in children with quad-
iplegic CP. The improvement was sustained for at least 6
onths after the last treatment. However, Bachrach et al126

ound that LS BMD returned to baseline values 2 years after
isphosphonate therapy was terminated. Importantly, de-
pite the lack of sustained BMD improvement, no patient had
fracture during the treatment or follow-up periods.
Quan127 found reduced forearm BMD in children with
eningomyelocele, MMC. Patients with a history of fracture
ad substantially lower forearm BMD than those without a
racture history. The low upper-extremity BMD in these pa-
ients with preserved upper-extremity function may indicate
ystemic as well as local factors affecting BMD. Valtonen et
l128 found normal forearm and LS BMD in adult patients
ith MMC, but reduced hip BMD in one-third of the pa-

ients. There was a trend of low hip BMD in the nonambula-
ory compared with ambulatory patients but not for the lum-
ar spine. This dissociation of LS and hip BMD values was
hought to be due to axial loading on the LS in upright pa-
ients.

Rheumatoid diseases have long been known to affect bone
ealth negatively. Disease extent, severity, subsequent dis-
bility, and CS therapy negatively impact bone mineraliza-
ion. Pepmueller et al129 and Pereira et al130 found decreased
egional, LS, and TBBMD in patients with juvenile rheuma-
oid arthritis (JRA). The decrease was more severe in children
ith longer disease duration and was similar for oligoarthritis

nd polyarthritis. Lien et al131 found decreased TBBMC and
BBMD in patients with juvenile idiopathic arthritis. Disease
uration and severity correlated with TBBM but not CS ther-
py. Henderson et al132 found no statistically significant dif-
erence in TBBMD in prepubertal children with mild-to-
oderate JRA and no history of CS treatment when

ompared with control patients. When a similar study was
erformed on CS naive older girls with mild-to-moderate
RA, Henderson et al133 found decreased TBBMC.

As with other chronic diseases of childhood, it appears that
ersistent disease activity through puberty results in de-
reased BMC. Mul et al134 found marked reductions in LS
MD and BMC in children with rheumatic diseases treated
or at least 1 year with high-dose CS. Bianchi135 found that
ong-term MTX therapy for JRA did not result in reduced LS
r TBBMD. In summary, prepubertal children with JRA of
ild or moderate severity without history of CS treatment
ill have TBBMD similar to normal children. With increasing
isease severity and duration, especially through puberty,
BBMC will decrease when compared with normal children.

hese changes are in contrast to the normal DXA findings
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eported in patients with juvenile systemic lupus erythema-
osus, JSLE.136,137 Unlike patients with JRA, JSLE patients
ypically do not have bone and joint involvement and thus
re more likely to have preserved BMD. Factors that nega-
ively impact bone health include immobility, limited expo-
ure to sunlight, and CS therapy.

In a longitudinal study of boys with Duchenne muscular
ystrophy, DMD, Larson et al138 found LS and hip BMD
orrelated with functional mobility level, ie, ambulatory boys
ad higher LS BMD compared with nonambulatory boys.
ip BMD was decreased before loss of ambulation and

howed progressive reductions over time. Bianchi139 found
ecreased LS and TBBMD in ambulatory boys with DMD
hen compared with healthy boys and was more severely

educed in the subset of DMD patients treated CS. Hawker140

ound an increase in LS and TBBMD after 2 years of treatment
ith alendronate, supplemental calcium, and vitamin D.
tudies of a small number of children with dermatomyositis
ave found low LS BMD that worsens with ongoing CS ther-
py.141,142 These patients showed improved LS BMD with
isphosphonate therapy for osteoporosis-related compres-
ion fractures.141

Osteogenesis imperfecta (OI) includes a spectrum of ge-
etic disorders of collagen synthesis resulting in abnormal
keletal and connective tissues. Reduced BMD and other fac-
ors result in fragile bones and multiple fractures. Fracture
ccurrence and DXA findings in children with OI vary with
ubtype with few fractures and normal or near normal DXA
ndings in type I and more frequent fractures and marked
eductions in BMD in types III and IV.143,144 Type II typically
esults in perinatal demise. Because as many as 40% of pa-
ients with OI will have normal BMD and BMC, a normal
XA study does not preclude the diagnosis of OI or distin-
uish cases of OI from nonaccidental injuries.143 In recent
ears, clinical trials using bisphosphonates, especially IV
amidronate, in OI have yielded impressive results with mul-
iple studies demonstrating increases in LS, hip and TBBMD
nd improved quality of life.145-148 Patients with the lowest
aseline bone mass experienced the most significant gains
ith treatment. Improved mobility, ambulation, muscle

orce and reduced chronic pain and fatigue not only lead to
mproved quality of life, but also afford patients the stimulus
f physical activity that is known to be beneficial to bone.
ncreased bone mass in the skull following pamidronate ther-
py for patients with OI implies that the drug also has a direct
ffect on bone accrual irrespective of physical activity.147 The
heoretical concern that bisphosphonate therapy might neg-
tively impact linear growth in children with OI has not been
hown to be true.149
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