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n Update on Dual-Energy X-Ray Absorptiometry
len M. Blake, PhD, and Ignac Fogelman, MD

Dual-energy x-ray absorptiometry (DXA) scans to measure bone mineral density at the
spine and hip have an important role in the evaluation of individuals at risk of osteoporosis,
and in helping clinicians advise patients about the appropriate use of antifracture treat-
ment. Compared with alternative bone densitometry techniques, hip and spine DXA exam-
inations have several advantages that include a consensus that bone mineral density
results should be interpreted using the World Health Organization T score definition of
osteoporosis, a proven ability to predict fracture risk, proven effectiveness at targeting
antifracture therapies, and the ability to monitor response to treatment. This review dis-
cusses the evidence for these and other clinical aspects of DXA scanning. Particular
attention is directed at the new World Health Organization Fracture Risk Assessment Tool
(FRAX) algorithm, which uses clinical risk factors in addition to a hip DXA scan to predict
a patient’s 10-year probability of suffering an osteoporotic fracture. We also discuss the
recently published clinical guidelines that incorporate the FRAX fracture risk assessment in
decisions about patient treatment.
Semin Nucl Med 40:62-73 © 2010 Elsevier Inc. All rights reserved.
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steoporosis is widely recognized as an important public
health problem because of the significant morbidity,

ortality, and costs associated with its complications,
amely, fractures of the hip, spine, forearm, and other skel-
tal sites.1 The incidence of fragility fractures is highest
mong elderly white women, with 1 in every 2 women suf-
ering an osteoporosis-related fracture in their lifetime.2 Each
ear in the United States an estimated 2 million people suffer
fragility fracture, with hip fractures alone causing hospital-

zation, disability, and loss of independence for 300,000 in-
ividuals.3 Hip fractures are often the focus of attention be-
ause 20% of patients die in the first year after a fracture, and
hey also incur the greatest morbidity and medical costs.4

owever, fractures at other sites also cause significant mor-
idity and costs,5 and vertebral fractures as well as hip frac-
ures are associated with an increased risk of death.6,7 In the
ear 2005, osteoporotic fractures in the United States were
esponsible for estimated costs of $19 billion.3 Due to the
ging population the annual number of fractures as a result of
steoporosis is expected to increase to more than 3 million by
025.3

Although for many years there was an awareness of the
orbidity and mortality associated with fragility fractures,

ctual progress only came with the ability to diagnose osteo-
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orosis before fractures occur and the development of effec-
ive treatments. Measurements of bone mineral density
BMD) played a crucial role in both these developments.
ntil the mid-1980s, bone-density measurements were used
ainly for research, and it was only with the introduction of
ual-energy x-ray absorptiometry (DXA) scanners in 1987
hat they entered routine clinical practice.8 Further mile-
tones included the first publication showing that bisphos-
honate treatment prevents bone loss,9 the publication of the
orld Health Organisation (WHO) report defining osteopo-

osis in postmenopausal white women as a BMD T score at
he spine, hip, or forearm of ��2.5,10,11 and the Fracture
ntervention Trial confirming that bisphosphonate treatment
an prevent fractures.12 Since then, several large trials have
rovided evidence of the effectiveness of bisphospho-
ates,13-17 selective estrogen receptor modulators,18 recombi-
ant human parathyroid hormone,19 and strontium rane-

ate20-22 in the prevention of fragility fractures. The most
ignificant recent development is the Fracture Risk Assess-
ent Tool (FRAX) initiative, which enables physicians to use

nformation about a patient’s clinical risk factors in combina-
ion with a hip DXA scan to assess the 10-year probability of
racture for individual patients.23

he Clinical Role of
one Density Measurements

oday, BMD measurements have an important role in the

valuation of patients at risk of osteoporosis and in the ap-
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Dual-energy x-ray absorptiometry 63
ropriate use of antifracture treatment.24-27 In general, the
referred method of testing is to use DXA scans to measure
MD of the lumbar spine and hip (Fig. 1).28 DXA examina-
ions have 3 major roles, namely, the diagnosis of osteoporo-
is, the assessment of patients’ risk of fracture, and monitor-
ng response to treatment. The reasons for using DXA include
he fact that hip BMD is the most reliable measurement for
redicting hip fracture risk,29-31 the use of spine BMD for
onitoring treatment,32,33 and the consensus that in post-
enopausal white women and older men spine and hip DXA

cans should be interpreted using the WHO T score defini-
ion of osteoporosis (Table 1).11,25,34 Other important advan-

Figure 1 (A) Scan printout of a spine dual-energy x-ray a
scan image of the lumbar spine; (top right) patient’s age
manufacturer’s reference range; (bottom right) BMD fig
with the interpretation in terms of T and Z scores. (B) Sca
scan image of the hip; (top right) patient’s age and tot
Nutrition Examination Survey (NHANES III) reference
total hip regions of interest, together with the interpretat
range. (Color version of figure is available online.)
ages of DXA include the short scan times, easy set up of
atients for scanning, low radiation dose, and good measure-
ent precision (Table 2).
Patients’ DXA results are usually presented as T and Z

cores (Fig. 1). T scores are calculated by taking the differ-
nce between a patient’s measured BMD and the mean BMD
n healthy young adults, matched for gender and ethnic
roup, and expressing the difference relative to the young
dult population standard deviation (SD):

T score �
Measured BMD � Young adult mean BMD

(1)

tiometry (DXA) examination. The printout shows (left)
one mineral density (BMD) plotted with respect to the
r individual vertebrae and total spine (L1-L4), together
out of a hip DXA examination. The printout shows (left)
BMD plotted with respect to the National Health and
8; (bottom right) BMD figures for the femoral neck and
erms of T and Z scores using the NHANES III reference
bsorp
and b

ures fo
n print
al hip
range2

ion in t
Young adult population SD
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64 G.M. Blake and I. Fogelman
scores are similar to T scores except that instead of com-
aring the patient’s BMD with the young adult mean, it is
ompared with the mean BMD expected for the patient’s
eers (eg, for a healthy subject matched for age, gender, and
thnic group):

score �
Measured BMD � Age matched mean BMD

Age matched population SD
(2)

Spine and hip DXA scan results in postmenopausal women
nd men over the age of 50 years are interpreted using T
cores in accordance with the WHO definition of osteoporo-
is (Table 1). The International Society for Clinical Densitom-
try recommends using the lowest T score figure between the
umbar spine, femoral neck, and total hip sites.34 T scores for
lack and Asian patients should be calculated using the white
aucasian reference range.34 Before reporting DXA results it

s always important to carefully scrutinize the scan image to
nsure the scan is correctly analyzed and there are no artifacts
ver the bone or soft tissue that might affect the interpreta-
ion. In elderly patients, the spine T score is frequently ele-
ated due to osteophytes and other signs of degenerative
isease. Vertebrae that on visual inspection are obviously
ffected by such changes should be excluded from the spine
nalysis. For a spine scan to be regarded as a diagnostic, there
hould be at least 2 evaluable vertebrae.34

DXA results in children and adults under the age of 50
ears should be interpreted using Z scores.34 In children, in
articular, BMD results reflect bone size as well as skeletal
tatus, and the results should not be interpreted using T
cores.34,35 DXA examinations in children are best performed
t specialist centers with experience in scan interpretation.
umerous approaches to reporting pediatric DXA scans have
een published that make allowance for the child’s age,
eight, and sexual maturity.35,36

he Physical
rinciples of DXA Scans

XA scanners evaluate BMD by measuring the transmission
f x-rays through the body at 2 different photon energies.37

he mathematical theory of DXA, referred to as basis set
ecomposition, states that across a broad range of photon
nergies, the x-ray transmission through any physical object
an be decomposed into the equivalent areal densities
g/cm2) of any 2 chosen reference materials.38 The 2 materi-

able 1 The WHO Definitions of Osteoporosis and Osteope-
ia Used to Interpret Spine, Hip, and Forearm DXA Scan
esults in Postmenopausal White Women10,11

Terminology T Score Definition

ormal T > 1.0
steopenia �2.5 < T < �1.0
steoporosis T < �2.5
stablished osteoporosis T < �2.5 in the presence of

one or more fragility fractures
ls for DXA scanning are bone mineral (hydroxyapatite,
a10(PO4)6(OH)2) and soft tissue. Provided that the object
nder study is composed solely of the 2 reference materials,
he computed areal densities will accurately reflect the true
ensities.
As a measurement technique, DXA has 2 important limi-

ations. First, because the scan is a two-dimensional (2D)
rojection image, the measurements of areal density are af-
ected by bone size as well as the true 3D volumetric density
f the bone tissue.35 This is the basic difficulty with the in-
erpretation of pediatric DXA scans discussed above. How-
ver, to a certain extent it affects adult scans as well, causing
ifferences between men and women, black people, and
hite people, as well as less obvious effects due to different
one sizes in different individuals.
The second limitation of the DXA technique is that for the

urpose of x-ray transmission the human body is composed
f 3 basic types of tissue, bone, lean, and fat.39-42 The limita-
ion of only being able to distinguish 2 types of tissue arises
rom the fact that there are only 2 x-ray attenuation processes
nvolved—Compton scattering and the photoelectric ef-
ect.38 Because these 2 processes have different dependencies
n photon energy and atomic number, DXA measurements
an distinguish bone from soft tissue because of the higher
tomic number of the calcium (Z � 20) and phosphorous
Z � 15) atoms in bone compared with the carbon, nitrogen,
nd oxygen atoms in the soft tissue (Z � 6, 7, 8). Fat is largely
omposed of repeated methylene units ((CH2)n), whereas the
-ray attenuation of lean tissue is similar to water (H2O). The
ifference in x-ray attenuation between fat and lean tissue is
herefore equivalent to the atomic number difference be-
ween carbon and oxygen. If the composition of the soft
issue overlying the bone region of interest (ROI) is not
nown, then this will cause an error in the BMD measure-
ent.39,42 The size of these accuracy errors is discussed fur-

her below.

XA Precision Errors
linicians who report DXA scans will be aware that BMD
easurements are affected by precision43,44 and accuracy er-

ors.40-42 Precision errors measure the reproducibility of BMD

able 2 Advantages of Central DXA

● Consensus that BMD results can be interpreted using
WHO T scores

● Proven ability to predict fracture risk
● Used in WHO FRAX algorithm for predicting 10-year

risk of fracture
● Proven for effective targeting of antifracture treatments
● Good precision
● Effective at monitoring response to treatment
● Stable calibration
● Effective instrument quality control procedures
● Short scan times
● Rapid patient set up
● Low radiation dose

● Availability of reliable reference ranges
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Dual-energy x-ray absorptiometry 65
esults in individual patients and can be demonstrated by
erforming repeated scans on a representative group of sub-

ects.34 Precision is usually expressed in terms of the coeffi-
ient of variation (CV) and is typically approximately 1%-
.5% for spine and total hip BMD and 2%-2.5% for femoral
eck BMD.45 DXA scanners have excellent long-term preci-
ion because their calibration is very stable, and there are
ffective instrument quality control procedures provided by
anufacturers to detect any long-term drifts should they oc-

ur. An understanding of precision errors is important for the
nterpretation of follow-up DXA scans. The BMD changes
bserved on follow-up scans are in interpreted in terms of the
east significant change (LSC) equal to approximately 3 times
he CV, and only changes greater than the LSC are regarded
s clinically significant.43 The International Society for Clin-
cal Densitometry recommends that each DXA center should
etermine its own figure for LSC by performing duplicate
cans in 30 subjects.34 However, centers that follow this rec-
mmendation should be aware that it has 2 important limi-
ations: (1) precision studies are often performed under op-
imal conditions that produce an unrealistically optimistic
iew of what is likely to be achieved in routine practice; (2) a
recision study based on performing duplicate scans in as
ew as 30 subjects results in large statistical errors with a 95%
onfidence interval of about � 30% of the measured figure.44

hus, a true CV of 1.5% might result in measured values
nywhere between 1.0% and 2.0%. To achieve good quality
ollow-up DXA studies, the most important principles are
hat (1) technologists should be dedicated and well-trained;
2) careful attention should be focused to the daily instru-
ent quality control procedures as recommended by the
anufacturer.
DXA Accuracy Errors: The clinical interpretation of DXA

cans is also affected by accuracy errors in BMD measure-
ents caused by one of the fundamental limitations of DXA
easurements discussed above, namely, that the human

ody is composed of 3 types of tissue rather than 2.39-42

ccuracy errors are caused by the inhomogeneous distribu-
ion of adipose tissue in the human body and involve both
one marrow and soft tissue that is external to the bone in the
ath of x-ray beam.42 They are subtler than precision errors
nd their clinical effect less easily appreciated, not least be-
ause the conditions necessary for a carefully conducted pre-
ision study also ensure that any scan-to-scan variation in the
oft tissue accuracy error is minimized.

Because of the large thickness of tissue in the abdomen, the
real density of soft tissue for a spine DXA scan is consider-
bly greater than that of bone mineral (range 15-25 g/cm2

ompared with a typical BMD figure of 1 g/cm2), and there-
ore even small differences in x-ray attenuation between lean
nd adipose tissue discussed above can generate clinically
ignificant measurement errors in the BMD results. In prac-
ice, the accuracy error is minimized by comparing measure-
ents over the bone ROI with those in an adjacent soft tissue

eference area (Fig. 1). However, errors still arise due to dif-
erences in the percentage of adipose tissue between the bone
nd soft tissue ROI’s,40,46 and to variations in the composition

f bone marrow.47 Accuracy errors are important because a
hey may cause the apparent T score value to misrepresent
he patient’s true bone status.42

Although there are simple methods for determining the
recision error,34 the only reliable way of quantifying the
oft-tissue accuracy errors is either through cadaver stud-
es,40,41,48-52 or computed tomography or magnetic resonance
maging studies that image the distribution of adipose tissue
nd allow the errors to be estimated from theoretic calcula-
ions.46,53,54 Cadaver studies always involve small numbers of
ndividuals (typically 10-20 subjects), and the statistical er-
ors are therefore large. Studies of spine and hip DXA suggest
hat the patient-to-patient variation in the accuracy error is
bout 5%-7%, resulting in T score errors (�1 SD) of approx-
mately �0.5.42

hich Type of
easurement Is Best?

n addition to DXA systems for measuring the spine and hip,
variety of other types of bone densitometry equipment is

lso available.8,55 These include quantitative computed to-
ography (QCT) measurements of the spine and hip,56,57

eripheral DXA (pDXA) systems for measuring the forearm,
eel, or hand,58 and quantitative ultrasound (QUS) devices
or measurements of the heel and other peripheral sites.59 In
rinciple, pDXA and QUS devices offer a rapid, inexpensive,

igure 2 Incidence of hip fracture risk by bone mineral density
BMD) quartile for femoral neck BMD. Data are taken from the
-year follow-up of the Study of Osteoporotic Fractures.62 Inset
iagram: data from fractures studies are fitted using a gradient-of-
isk model, in which the fracture risk varies exponentially with Z
core with gradient �. Results are expressed in terms of the relative
isk (RR), which is the increased risk of fracture for each unit de-
rease in Z score. The value of RR is found from �, using the rela-
ionship RR � exp(�). Alternatively, � is found by taking the natural
ogarithm of RR (� � ln(RR)).
nd convenient method of evaluating skeletal status that
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66 G.M. Blake and I. Fogelman
akes them attractive for wider use. In practice, however,
hese alternative types of measurement correlate poorly with
entral DXA of the spine and hip, with correlation coeffi-
ients in the range r � 0.5-0.6560 and consequent random
ifferences in T and Z scores of �1.0. Thus far, the lack of
greement with central DXA has proved a barrier to reaching
consensus on the use of these other methods.60,61

Given the choice of all these different types of measure-
ent, how do we decide which is the most effective one?
undamental to the clinical application of BMD measure-
ents is their ability to identify patients at risk of fracture,

nd therefore the most important way of evaluating and com-
aring different techniques is through prospective studies of

ncident fractures.29 Figure 2 shows how data from a fracture
tudy can be analyzed to quantify the relationship between
MD and fracture risk.62 When patients are divided into
uartiles on the basis of their BMD, an inverse relationship is
ound between fracture incidence and BMD. To describe this
elationship, the data are fitted with a gradient-of-risk model
n which the fracture probability increases exponentially with
ecreasing Z score with gradient � (Fig. 2, inset). Results are
sually expressed in terms of the relative risk (RR), which is
efined as the increased risk of fracture for each unit decrease

n Z score.
The larger the value of RR (or equivalently, the steeper the

radient-of-risk), the more effective a technique is at discrim-
nating between patients who will suffer a future fracture and

Figure 3 (A) Distribution of Z score values in a fracture po
The curve for the general population is a bell-shaped cu
corresponding curve for the population of patients wh
curve that is offset from the general population by a Z sc
inset table lists values of RR and �Z. (B) Plot of the rec
evaluating the areas under the 2 bell-shaped curves sho
plotting the 2 areas against each other for different values
of fracture cases who fall below the BMD threshold (sh
against the percentage of subjects in the general populat
general population curve in [A]. It therefore shows the t
correctly identified as being at risk) against the false-pos
who never actually had a fracture). The larger the value
more effective BMD measurements are at discriminating
hose who will not. To understand the reason for this, con- n
ider a large group of subjects chosen randomly from the
eneral population. For such a group, the distribution of Z
core values approximates to a Gaussian curve (Fig. 3A). The
istribution of Z score values for the group of patients who
ill at some future date experience an osteoporotic fracture is

ound by multiplying the Gaussian curve representing the
eneral population by the exponential gradient-of-risk curve.
hen this is done the distribution of Z score values for the

racture population is found to be a second Gaussian curve
ith the same SD as the first but with its peak offset to the left
y an amount �Z equal to the gradient-of-risk � (or equiva-
ently to the natural logarithm of the RR) (�Z � � � ln(RR))
Fig. 3A).63

To understand the importance of selecting a technique
ith a high RR value, consider choosing some arbitrary Z

core value in Figure 3A as the threshold for making deci-
ions about patients’ treatment (eg, this might be the Z score
alue equivalent to a T score of �2.5). The areas under the 2
urves can be evaluated to find the percentages of patients in
he fracture population and the general population with Z
core results below the chosen threshold. As the threshold is
aried and the 2 percentages plotted against each other we
btain a receiver operating characteristic (ROC) curve (Fig.
B) in which the percentage of true positives (patients who
ill suffer a fracture in the future and were correctly identi-
ed to be at risk) is plotted against the percentage of false
ositives (patients who are identified to be at risk but who

on compared with the age-matched general population.
mmetrically distributed around its peak at Z � 0. The
suffer an osteoporotic fracture is a similar bell-shaped
fference of �Z � ln(RR), where RR � relative risk. The
perating characteristic (ROC) curves was obtained by
(A) up to an arbitrarily chosen Z score threshold and
relative risk (RR). The ROC curve shows the percentage
rea under the fracture population curve in [A] plotted
o fall below the same threshold (shaded area under the
sitive fraction (patients who sustain a fracture and were
action (patients who were identified as being at risk but
the wider the separation of the 2 curves in (A) and the
atients who will have a fracture.
pulati
rve sy

o will
ore di
eiver o
wn in
of the

aded a
ion wh
rue-po
itive fr
of RR
ever have a fracture). Figure 3B is fundamental for under-
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Dual-energy x-ray absorptiometry 67
tanding the clinical value of any type of BMD measurement
sed to identify and treat patients at risk of fracture. It shows
hat the larger the RR value of the measurement technique the
ore effective it will be at identifying patients with the great-

st probability of fracture.

esults From Fracture Studies
ne of the clinical advantages of DXA scans is that their

bility to identify patients at risk of fracture has been assessed
nd proven in a large number of epidemiologic studies.29

ne of the most informative of these is the Study of Osteo-
orotic Fractures (SOF), a study of 9704 white US women
ged 65 years and over who had baseline measurements of
ip, spine, forearm, and heel BMD when the study com-
enced in the late 1980s.30 The SOF 10-year follow-up data
ave confirmed the association between BMD and fracture
isk with high statistical reliability for many types of fracture
nd confirm that the prediction of hip-fracture risk from a
ip BMD measurement has the largest RR value and is the
ost effective type of DXA examination (Fig. 4).30 Another

ecent study of the relationship between hip fracture and hip
MD based on a meta-analysis of 12 different fracture studies
rom Canada, Europe, Japan, and Australia found similar RR
alues to the SOF study in both men and women, but with an
ge dependence with individuals aged 50-60 years having a
arger RR value than subjects aged 80-85 years.31

One of the strengths of the SOF study is the large number

igure 4 Values of the relative risk (RR) (defined as the increased risk
f fracture for a 1 SD decrease in BMD) for fractures at different
keletal sites (wrist, hip, spine, and any fracture) for BMD measure-
ents made at 4 different sites (forearm, heel, spine, and femoral

eck). The errors bars show the 95% confidence intervals. Data are
aken from the 10-year follow-up of the Study of Osteoporotic Frac-
ures (SOF) study population.30 In the SOF data, the largest value of
R is for the prediction of hip fracture risk from a hip BMD mea-
urement (RR � 2.4). From the ROC curves shown in Figure 3B this
eans that the clinically most effective DXA scan measurement is to

se hip BMD to predict hip fracture risk.
f fracture cases. To make meaningful comparisons between d
ifferent techniques, it is essential to have large studies with
everal hundred fracture cases to achieve adequate statistical
ower. As the SOF study has progressed, the results have
onsistently confirmed the ability of hip BMD measurements
o predict hip fracture risk with an RR value of approximately
.5, with the statistical errors becoming smaller as the num-
er of fractures has increased.30,62,64

ppropriate Targeting
f Anti-Fracture Treatments

nother advantage of spine and hip DXA (Table 2) is the
roven ability to identify patients who will respond success-
ully to pharmaceutical treatments for preventing osteopo-
otic fractures. Table 3 lists the principal clinical trials of the
gents proven to prevent vertebral and/or nonvertebral frac-
ures.12-21 It is notable that all the trials listed enrolled pa-
ients on the basis of entry criteria that included a hip or spine
score demonstrating either osteoporosis or severe osteope-

ia. In some of these trials, the data analysis showed that the
reatment was effective only in subjects with a hip or spine T
core of �2.5 or less.13,15,16,21 These findings have created
ome uncertainty about selecting patients for treatment based
n criteria other than a spine or hip T score because of the
oor correlation between different techniques and the lack of
vidence that individuals chosen using other criteria will re-
pond to treatment.65

hoice of Reference Ranges
ver the last 15 years the interpretation of DXA scans has
een guided by the WHO T score definition of osteoporosis
Table 1). However, care is necessary in the choice of re-
erence data for the calculation of T score values if scan
esults are to be interpreted reliably. For consistency, most
uidelines on patient treatment recommend the use of the
hird National Health and Nutrition Examination Survey
NHANES III) reference database for T score derivation in the
ip.28 This recommendation resulted from a study that
ompared the spine and hip T score results calculated
sing the manufacturers’ reference ranges for the 2 most
idely used brands of DXA scanner manufactured by GE-
unar and Hologic, respectively.66 Although good agree-
ent was found for spine T scores measured on the 2
anufacturers’ systems, a systematic difference of almost
T score unit was found between the femoral neck T

cores. This discrepancy was reconciled by both manufac-
urers agreeing to adopt the hip reference range derived
rom the NHANES III study,67 which was based on mea-
urements of over 14,000 randomly selected men and
omen from across the whole of the United States. Be-

ause there was insufficient time in the NHANES III study
o measure spine BMD as well as the hip, spine DXA results
re usually interpreted using the manufacturers’ reference

ata.
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68 G.M. Blake and I. Fogelman
nterpretation of T Scores
sing the WHO Criteria

s explained above, there is widespread consensus that
pine, hip, and forearm DXA measurements should be inter-
reted using the WHO T score definition of osteoporosis.
owever, the WHO definition should not be used to inter-
ret QCT or QUS measurements, or pDXA results at sites
ther than the 33% radius.34 The reason for this rule can be
nderstood from Figure 5. When the reference ranges for
ifferent types of bone density measurement are plotted as
raphs of mean T score against age, the curves obtained are
ound to be different for the different techniques used. For
xample, the curves for spine QCT and lateral spine DXA

able 3 Fracture Prevention Studies That Have Selected Patie

Class of Agent Name of Drug

isphosphonate Alendronate

Risedronate

Ibandronate
Zoledronate

elective estrogen receptor
modulator

Raloxifene

arathyroid hormone PTH (1-34)
trontium Strontium ranelate

IT, Fracture Intervention Trial; VERT NA, Vertebral Efficacy With R
BONE, Oral Ibandronate Osteoporosis vertebral fracture trial in
MORE, Multiple Outcomes of Raloxifene Evaluation; SOTI, Spina
Osteoporosis.

T score thresholds are those calculated using the NHANES III refe
Study entry criteria also included prevalent vertebral fractures.
Study entry criteria also included clinical risk factors.

igure 5 Age-related decline in mean T scores at different BMD sites
or healthy white female subjects. The hip DXA data are taken from
he NHANES study.28,67 The DXA normative data for the PA and
ateral spine regions were obtained from the Hologic reference
anges. Heel data are for the GE-Lunar PIXI pDXA device. Spinal
CT is that used by the Image Analysis reference system. Filled

ircles: PA spine, Filled diamonds: total hip, Triangles: lateral spine,

tilled squares: QCT spine, Open squares: heel.
ecrease relatively rapidly with age and cross the WHO
hreshold of T � �2.5 at age 60 (Fig. 5). This means that if
e were to interpret QCT and lateral DXA measurements
sing the WHO criteria we would find that 50% of 60-year-
ld women had osteoporosis. In contrast, for some types of
eel pDXA and QUS devices the curve decreases relatively
lowly with age such that patients would need to reach age
00 before 50% of them were found to have osteoporosis.
or DXA measurements of the spine, femoral neck, and 33%
adius, the 3 curves decrease in a similar manner with age
rossing the T � �2.5 threshold at age 75. It is clear that if
are is not taken in applying the WHO criteria appropriately
hen cases of osteoporosis may be either under- or overdiag-
osed depending on the measurement technique used. In the
nalysis of the SOF study data, it was shown that an uncritical
pplication of the WHO definition can lead to the apparent
ncidence of osteoporosis varying between 3% and 60%.60 In
rinciple, bone densitometry techniques other than central
XA can be used with appropriate device-specific thresholds

o identify a group of patients with high results who are
nlikely to have osteoporosis, and a second group with low
esults who can be treated without further testing.68 Patients
ith intermediate results can be referred for a central DXA

xamination for a definitive decision. However, the clinical
pplication of this triage algorithm requires the availability of
dequate information about the device-specific thresholds.

he WHO FRAX
racture Risk Algorithm

iews on the best way of using information from DXA scans
o advise patients about the use of antifracture treatment
ontinue to evolve.2,24,69,70 As emphasized above, the real
linical value of BMD examinations lies in the information
hey provide about fracture risk. An important limitation of

sing Central DXA

udy Name
T Score Thresholds for

Patient Enrollmenta

112 Femoral neck T score <�1.5b

213 Femoral neck T score <�1.5
RT NA14 Spine T score <�2b

15 Femoral neck T score <�3.2c

NE16 Spine T score in range �2 to �5b

RIZON17 Femoral neck T score <�2.5b

RE18 Spine or femoral neck T score <�1.8b

er’s study19 Spine or femoral neck T score <�1b

TI20 Spine T score <�1.9b

OPOS21 Femoral neck T score <�2.2

nate Therapy (North America) study; HIP, Risedronate Hip study;
America and Europe; HORIZON, HORIZON Pivotal Fracture trial;
porosis Therapeutic Intervention; TROPOS, Treatment of Peripheral

ange for the hip and the Hologic reference range for spine BMD.28
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Dual-energy x-ray absorptiometry 69
ent is that age as well as BMD is an important factor in
etermining the likelihood of a patient having a fracture
ithin the next 5 or 10 years.2,24,71 For any hip T score figure,

racture risk in men and women between the ages of 50 and
0 years varies greatly according to age.2,71 The FRAX initia-
ive is a new approach to the use of BMD scans that seeks to
mprove decisions about treatment by basing them on the
0-year probability of the patient sustaining an osteoporotic
racture (Fig. 6).23 This has a number of advantages, includ-
ng the targeting of osteoporosis treatment according to the
atient’s risk of fracture,2 the incorporation of additional
linical risk factors (Table 4), such as a history of previous
racture to refine the algorithm for estimating fracture prob-
bility,24 and the use of health economic criteria to set thresh-

Figure 6 Calculation of the 10-year probabilities of hip fra
or clinical vertebral fracture) using the WHO Fracture
available online.)

able 4 Clinical Risk Factors Included in FRAX Algorithm23

● Country or geographic region
● Ethnic origin (US only)
● Age
● Gender
● Weight and height (BMI)
● Previous history of fracture (after age 50)
● Parental history of hip fracture
● Current smoking habit
● Current or past use of corticosteroids
● Rheumatoid arthritis
● Secondary osteoporosis
● Alcohol intake >3 units daily
p● Hip BMD
lds for intervention based on the costs of treatment, savings
o health services, and the contribution of fracture prevention
o patients’ quality of life.69

The value of using information from additional risk factors
hat give independent information about fracture probability
ver and above that provided by age and BMD can be ex-
lained by reference to the ROC curve shown in Figure 3B.
ith all types of bone densitometry measurement, the frac-

ure and nonfracture patients have overlapping BMD distri-
utions (Fig. 3A), leading to ROC curves (Fig. 3B) in which at
ny given T score threshold, only a certain percentage of
uture fracture cases are identified for treatment at the cost of
lso treating a large number of patients who are not going to
ave a fracture. As explained above, the best that can be done
ith bone densitometry alone is to choose the BMD measure-
ent site with the highest RR value that will optimize the
OC curve. However, by combining BMD data with age and
ther appropriately chosen risk factors (Table 4), the ROC
urve can be further improved so that treatments are better
argeted on the patients at the highest risk.72

The new WHO FRAX algorithm is based on a series of
eta-analyses of data from 12 independent fracture studies

rom North America, Europe, Asia, and Australia.73-78 These
nrolled a total of 60,000 men and women with more than
50,000 person-years of follow-up, and included more than
100 cases of hip fracture and 3300 osteoporotic fractures.73

fter the fracture risk algorithm had been constructed using
hese studies as the primary data, a validation study was

r a major osteoporotic fracture (humerus, forearm, hip,
ssessment Tool (FRAX).23 (Color version of figure is
cture o
Risk A
erformed using data from 11 independent population-
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70 G.M. Blake and I. Fogelman
ased cohorts that were not used in the development of the
riginal model.72 These latter involved a total of 230,000
ubjects with more than 1.2 million person-years of follow-
p. By reason of its large numbers, its international character,
nd the care taken in its construction and implementation the
RAX algorithm has unique authority.
Because of the need to build the correct parameters into

he model, including the interdependence of the various risk
actors, there is a specific requirement that the BMD informa-
ion is obtained from a hip DXA scan. Although femoral neck
MD was used in the development of the FRAX algorithm,
he website states that total hip BMD may be used instead.23

he reliance on BMD measurements from a single skeletal
ite raises the question of whether fracture risk prediction
ight be improved by combining BMD data from more than

ne site. Interestingly, and perhaps contrary to intuition, a
eta-analysis of the spine and femoral neck BMD data

howed that addition of the spine site does not improve the
OC curve.79 Although this finding may seem surprising, a
athematical analysis supplies the reason: although hip and

pine BMD measurements are quite poorly correlated (r �
.5-0.65), even this degree of correlation is too high for a
econd BMD site to provide worthwhile additional informa-
ion about fracture risk.80 However, it is important to ask the
uestion what information is lost by replying on just a single
MD site. The FRAX website provides information on the
0-year risks of hip fracture and any major osteoporotic frac-
ure (defined as a hip, wrist, humerus, or clinical vertebral
racture).23 Hip BMD is the best predictor of hip fracture risk,
nd all DXA sites are more or less equally effective at predict-
ng a fragility fracture at any site. However, if one wished to
pecifically predict the probability of a vertebral fracture,
hen there is evidence that a spine BMD measurement is more
ffective for this purpose than hip BMD.29,81

The FRAX website may also be used to evaluate 10-year
racture risk using clinical risk factors alone without BMD
nformation.23,27 This enables it to be used in a triage ap-
roach to select patients for DXA examination for whom the
MD information is most likely to make a significant contri-
ution to their management.27,82 A website provided by the
nited Kingdom National Osteoporosis Guidelines Group

NOGG) uses a “traffic light” scheme to divide patients into a
ed zone (those who justify fracture prevention treatment on
he basis of clinical risk factors alone), a green zone (those
ho can be reassured that they are at low risk and a DXA scan

s unlikely to change this), and an orange zone (those who
hould go for a DXA scan before deciding on any treat-
ent).83

Another advantage of the new FRAX approach is that it
nables fracture risk thresholds for intervention to be estab-
ished based on economic criteria that can be adjusted for
ractice in different countries.84,85 A series of health eco-
omic analyses have examined the rationale for fracture pre-
ention and the cost-effectiveness of different osteoporosis
reatments.86-90 These analyses show that, taking account of
ll types of fracture, the cost-effective intervention thresholds
orrespond to T score values between �2 and �3 over an age

ange of 50-80 years.24,69 r
ew Treatment
uidelines Incorporating FRAX

he launch of the FRAX website in 2008 was followed by the
ublication of new guidelines with recommendations on
ow estimates of 10-year fracture probability should be in-
orporated into decisions about patient treatment.25,27 Most
ommentators have noted that treating patients solely ac-
ording to their fracture risk results in fewer younger indi-
iduals receiving treatment because, although they might
ave a low T score, their short-term risk of fracture is small.
nstead, treatment is directed toward elderly patients who,
ven if they do not meet the T score definition of osteoporo-
is, are at high risk because of their age.

The first of these new guidelines was published by the US
ational Osteoporosis Foundation.25 This is directed at the

reatment of postmenopausal women and men age 50 and
lder who, regardless of ethnicity, meet one of the following
riteria (Table 5): a previous hip or vertebral fracture, a hip or
pine T score of �2.5 or less, or (among several supplemen-
ary criteria) those with a 10-year fracture risk as assessed by
RAX of 3% or more at the hip and 20% or more for a major
steoporosis-related fracture. Compared with the previous
ational Osteoporosis Foundation guidelines, the new rec-
mmendations mean that greater numbers of elderly patients
ill receive treatment at the expense of some younger pa-

ients who met the less restrictive criterion used previously of
hip T score of �2.0 or less.
In the United Kingdom, a different treatment algorithm

as issued by the NOGG group.27,83 Users of the FRAX web-
ite who select the United Kingdom as the country of origin
re given the option of viewing the 10-year fracture proba-
ility plotted on a graph with a traffic light color scheme (Fig.
).23 On the basis of clinical risk factors alone, this can be
sed to triage patients and determine whether they should be
ent for a DXA scan. After the BMD result is known the data
an be re-entered at the FRAX website and a definitive treat-
ent recommendation obtained. Notably, the NOGG algo-

able 5 Treatment Criteria from the National Osteoporosis
oundation 2008 Guidelines25

Postmenopausal women and men age 50 and older
regardless of ethnicity who meet one or more of the
following criteria:
A previous hip or vertebral fracture
T score �2.5 or less at the femoral neck, total hip, or

spine
T score between �1.0 and �2.5 at the femoral neck,

total hip, or spine and one or more of the following:
a. Other previous fractures
b. A secondary cause of osteoporosis associated with

a high risk of fracture
c. 10-year fracture risk as assessed by FRAX of 3% or

more at the hip or 20% for a major osteoporosis-
related fracture (humerus, forearm, hip, or clinical
vertebral fracture)
ithm has a fracture threshold for treatment that varies with
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Dual-energy x-ray absorptiometry 71
ge. This is because the threshold for recommending treat-
ent is based on the patient having a 10-year fracture risk

quivalent to that of an individual who has just experienced
heir first osteoporotic fracture.27 This choice serves to partly
everse the bias in FRAX toward the treatment of older pa-
ients.

onitoring Response to Treatment
erifying response to treatment using follow-up DXA scans is
idely believed to have a beneficial role in encouraging pa-

ients to continue taking their medication, and also in iden-
ifying nonresponders who may benefit from a different treat-
ent regimen. Central DXA has a number of advantages as a

echnique for monitoring patients’ response, of which one of
he most important is the good precision of BMD measure-
ents (see discussion of precision errors above). A second

equirement for effective patient monitoring is a measure-
ent site that shows a large response to treatment. The best
MD site for follow-up measurements is the spine because
he treatment changes are usually the largest and the preci-
ion error is as good or better than that at most other sites.91,92

evertheless, the limited sensitivity means that the use of
XA scanning for patient monitoring is more controversial

han its use for the diagnosis of osteoporosis and prescription
f treatment. If used for this purpose, follow-up scans should
ot be performed more frequently than every 1-2 years.
hen comparing BMD changes on follow-up scans with

he LSC figure it is important to bear in mind that in some
ubjects who are seriously overweight or experience large
eight changes precision might be significantly poorer

igure 7 Output from the UK National Osteoporosis Guidelines
roup website.83 The traffic light color scheme shows the patient’s
0-year probability of a major osteoporotic fracture plotted against
ge. If the result lies in the orange zone, the patient should be sent
or a DXA examination and the clinical risk factors re-evaluated
ogether with the hip BMD result for a definitive decision on treat-
ent. If the result lies in the red or green zones then either treatment

hould be considered or the patient reassured that they are a low
isk. (Color version of figure is available online.)
han usual.45
ostscript
he evolution of ideas about the clinical role of bone densi-

ometry has some way to go before they can be regarded as
ell grounded in science. One important question is the

cientific rationale for the continued use of T scores.93 The
RAX assessment tool makes it abundantly clear that a low
MD result is best regarded as just another clinical risk factor
or fracture (Table 4). Given the magnitude of the soft-tissue
ccuracy errors (�0.5 T score units) and the discordant T
cores between different skeletal sites (�1 T score unit), it
oes not seem plausible that BMD measurements should
ontinue to be regarded as a uniquely special indicator of
keletal status. An important merit of the FRAX scheme is
hat it directs attention to the primary importance of achiev-
ng the best ROC curve possible.72 In contrast, developments
ased around T scores can all too easily ignore the fact that
he central clinical requirement of bone densitometry is ef-
ective discrimination between high- and low-risk individu-
ls. Although the T score paradigm has been beneficial and an
mportant factor behind the large expansion in the clinical
pplication of bone densitometry over the past 15 years, it
as also proved a poor guide to the best avenues for further
evelopment of the field, and has led to much effort being
irected at irrelevant issues.93 From a scientific perspective T
cores are an unnecessary imposition between a BMD mea-
urement and the evaluation of the patient’s risk of fracture.

Arriving at a well-founded appreciation of the strengths
nd limitations of DXA requires that more attention is paid to
ome important technical issues, such as the soft-tissue accu-
acy errors that affect spine and hip measurements, the lim-
tations of relying on 2D projection images that fail to allow
or bone size, and the discordant evaluations of skeletal status
btained from different BMD sites. This review has empha-
ized these issues because too often their significance for the
linical applications of DXA is overlooked or ignored. We
ave argued elsewhere that the central limitation to the clin-

cal utility of bone densitometry is the large overlap of the
racture and nonfracture populations shown diagrammati-
ally in Figure 3A, and that although the BMD accuracy er-
ors might seem large, in the end, they are not that important
ecause they do not significantly degrade the ROC curve.42

he problem of discordant findings from different BMD sites
s an issue that should not be ignored. In principle, all types
f bone densitometry measurements are of equal value. How-
ver, given the problem of discordant T scores, it is unavoid-
ble that different types of measurement will select different
ets of individuals from the entire group of patients who will
ustain a future fracture. In the end, the only thing that really
atters is that we decide to use that measurement or a com-

ination of measurements that provides the optimum ROC
urve.
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