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Osteoporosis is becoming an increasingly important public
health issue, and effective treatments to prevent fragility
fractures are available. Osteoporosis imaging is of critical
importance in identifying individuals at risk for fractures
who would require pharmacotherapy to reduce fracture
risk and also in monitoring response to treatment. Dual
x-ray absorptiometry is currently the state-of-the-art tech-
nique to measure bone mineral density and to diagnose
osteoporosis according to the World Health Organization
guidelines. Motivated by a 2000 National Institutes of Health
consensus conference, substantial research efforts have
focused on assessing bone quality by using advanced im-
aging techniques. Among these techniques aimed at bet-
ter characterizing fracture risk and treatment effects,
high-resolution peripheral quantitative computed tomog-
raphy (CT) currently plays a central role, and a large
number of recent studies have used this technique to study
trabecular and cortical bone architecture. Other techniques
to analyze bone quality include multidetector CT, magnetic
resonance imaging, and quantitative ultrasonography. In
addition to quantitative imaging techniques measuring
bone density and quality, imaging needs to be used to di-
agnose prevalent osteoporotic fractures, such as spine
fractures on chest radiographs and sagittal multidetector
CT reconstructions. Radiologists need to be sensitized to
the fact that the presence of fragility fractures will alter
patient care, and these fractures need to be described in
the report. This review article covers state-of-the-art imag-
ing techniques to measure bone mineral density, describes
novel techniques to study bone quality, and focuses on
how standard imaging techniques should be used to diag-
nose prevalent osteoporotic fractures.
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n 2000, the National Institutes of
Health assembled an expert panel fo-
cusing on the prevention, diagnosis,
and treatment of osteoporosis (1). The

B Osteoporosis is defined as a skel-
etal disorder characterized by
compromised bone strength pre-
disposing to an increased risk of
fracture, and bone strength is
characterized by bone density and
quality; given that effective ther-
apies are available, diagnosis of
increased fracture risk is critical.

B Dual x-ray absorptiometry of the
proximal femur and lumbar spine
is the standard technique used to
classify bone mineral density
(BMD) in postmenopausal women
or older men (>50 years of age)
as osteopenic (T score less than
—1 to greater than —2.5) or
osteoporotic (T score of —2.5 or
lower).

B Central quantitative CT is not
established to classify BMD in
patients as osteopenic or osteo-
porotic but provides volumetric,
purely trabecular BMD, which
may be more sensitive to therapy
and better suited to measure
BMD in patients with advanced
degenerative disease or in those
who are very small or large.

B Among the techniques to measure
bone quality, high-resolution pe-
ripheral quantitative CT (trabec-
ular and cortical bone structure)
and quantitative US (velocity of
transmission and amplitude of
ultrasound signal) are currently
most frequently used.

B Diagnosis of osteoporotic
fractures substantially affects
patient care, and radiologists
need to be familiar with the typ-
ical signs (including those of
atypical subtrochanteric fractures
related to bisphosphonates) and
report these also for chest radio-
graphs and CT scans obtained
for different indications.

consensus definition provided by this
panel is still used and has had an impact
on osteoporosis imaging and related re-
search for the past decade. According to
the consensus, osteoporosis is defined
as a skeletal disorder characterized by
compromised bone strength predisposing
a person to an increased risk of fracture
(1). Bone strength primarily reflects the
integration of bone mineral density (BMD)
and bone quality. BMD is expressed as
grams of mineral per area or volume, and
in any given individual is determined by
peak bone mass and amount of bone loss.
Bone quality refers to architecture, turn-
over, damage accumulation (eg, micro-
fractures), and mineralization (1).

Though BMD is only one facet respon-
sible for increased fragility, dual x-ray
absorptiometry (DXA) measurements of
BMD have been universally adopted as
a standard to define osteoporosis. In 1994
the World Health Organization (WHO)
(2) used T scores to classify and define
BMD measurements. A T score is the
standard deviation of the BMD of an in-
dividual patient compared with a young,
healthy reference population, matched
for sex and ethnicity. A T score of less
than —1 to greater than —2.5 is defined
as osteopenia while a T score of —2.5 or
lower is defined as osteoporosis. This
definition, originally only intended for
postmenopausal women, has been adapted
and modified by the International Society
for Clinical Densitometry (ISCD) as
outlined below (www.iscd.org/visi-
tors/positions/OP-Index.cfm) to clas-
sify BMD in pre- and postmenopausal
women, men, and children by using
DXA.

It should be noted that even in the
absence of osteoporotic BMD, the pres-
ence of one or more low-impact fragility
fractures is considered as a sign of severe
osteoporosis (3) and that not infrequently
in these patients, the BMD measured
with DXA may be in the normal or os-
teopenic range.

Given the limitations of DXA BMD
measurements, the WHO recently intro-
duced the FRAX tool (available at www
.sheffield.ac.uk/FRAX/) to better evaluate
fracture risk of patients (4-6). Based on
clinical risk factors and DXA BMD of
the femoral neck, the FRAX tool can be

used to calculate the 10-year probability
of hip fracture and major osteoporotic
fractures (spine, forearm, hip, or shoul-
der fracture). The Web-based tool in-
cludes age, ethnicity, sex, weight, height,
fracture history, smoking, alcohol, glu-
cocorticoids, and rheumatoid arthritis,
and the calculation tool is available for
European, Asian, Middle Eastern, and
African as well as North and Latin
American populations.

While BMD measured by means of
DXA is the standard and state-of-the-
art technique for quantifying osteoporo-
sis, research has targeted bone quality
as a parameter or biomarker, which pro-
vides information on susceptibility to
fracture beyond that provided by BMD
and may be used as an outcome mea-
surement for pharmaceutical trials. Mul-
tiple innovative imaging techniques have
been developed that use radiologic tech-
niques to characterize bone architecture.

Epidemiology and Pathophysiology of
Osteoporosis

Fragility fractures due to osteoporosis
are one of the most substantial chal-
lenges to public health as worldwide, the
elderly represent the fastest-growing age
group, and the yearly number of fragil-
ity fractures will increase substantially
with continued aging of the population
(7). Approximately 50% of women and
20% of men older than 50 years will
have a fragility fracture in their remain-
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ing lifetime in Caucasian populations (8),
with potentially devastating results; in
individuals who experience hip fractures,
20% will die within the next year and
20% will require permanent nursing
home care (8). Even if age-adjusted in-
cidence rates for hip fractures remain
stable, the estimated number of hip frac-
tures worldwide will rise from 1.7 million
in 1990 to 6.3 million in 2050 (7).

While patients with vertebral
fractures have less severe complica-
tions, it should be noted that vertebral
fractures are more frequent and only
30% of these fractures come to clinical
attention (7). Those that come to clini-
cal attention are associated with sub-
stantial disability from pain and in-
creased thoracic kyphosis. Also, it was
shown that presence of one vertebral
fracture leads to a 10-fold increase in
risk of subsequent vertebral fractures
(9); the diagnosis and treatment of ver-
tebral fractures is therefore critical.
While hip, vertebral, and wrist fractures
are the most frequent fractures associ-
ated with osteoporosis, the effect of os-
teoporosis on the skeleton is systemic
and there is a heightened risk of almost
all types of fractures in patients with
low bone mass (10).

The bone mass of an individual in
later life is a result of the peak bone mass
accrued during intrauterine life, child-
hood, and puberty, as well as the subse-
quent rate of bone loss (11). Although
genetic factors strongly contribute to
peak bone mass (12), environmental fac-
tors in intrauterine life, childhood, and
adolescence modulate the genetically
determined pattern of skeletal growth
(13). Though various candidate genes
(such as those encoding the vitamin-D
receptor, collagen lal, LDL receptor—
related protein 5, and estrogen receptor)
have been linked to BMD, attempts to
relate polymorphisms in such genes to
fracture risk have generally been unsuc-
cessful (14).

Bone loss is a result of estrogen defi-
ciency in postmenopausal women, as well
as through estrogen-independent age-
related mechanisms (such as secondary
hyperparathyroidism and reduced me-
chanical loading) (7). At the cellular level,
bone loss occurs because of an imbal-

ance between the activity of osteo-
clasts and osteoblasts. In adult life, the
skeleton is continually remodeled in
an orderly sequence of bone resorption
followed by bone formation—referred
to as coupling. If the processes of resorp-
tion and formation are not matched,
there is a remodeling imbalance (7).
Estrogen has a central role in normal
physiologic remodeling, and estrogen de-
ficiency after menopause results in a re-
modeling imbalance with a substantial
increase in bone turnover. This imbal-
ance leads to a progressive loss of tra-
becular and cortical bone, partly be-
cause of increased osteoclastogenesis.

Importance of Osteoporosis Imaging

With use of pharmacotherapy, osteopo-
rotic fractures can be prevented.
However, clear guidelines are required
to initiate these therapies, as they are
expensive and side effects have been as-
sociated with these therapies, such as
atypical subtrochanteric fractures with
alendronate (15,16). Ideally biomarkers
should be available that assess fragility
fracture risk with high accuracy. In ad-
dition, diagnostic techniques should be
used to monitor the protective effect of
pharmacotherapies, including assessing
response and nonresponse to these ther-
apies. The limitations of bone mass/density
measurements in these two fields have
driven the development of novel imag-
ing biomarkers focusing on bone quality.

In addition to these quantitative tech-
niques dedicated to bone mass and qual-
ity assessment, standard imaging tech-
niques need be used to diagnose prevalent
osteoporotic fractures, as this will affect
therapy recommendations and may pre-
vent future fractures. Correctly diagnos-
ing and interpreting fragility fractures
with all available imaging modalities is
one of the major responsibilities we have
as radiologists.

Diagnostic Techniques to Measure BMD

DXA, introduced to clinical routine in
1987, is a well-standardized and easy to
use technique that has a high precision
(maximum acceptable precision error,
2%-2.5%) and low radiation dose (1-

50 wSv, if performed with vertebral
fracture assessment) and is currently
the best established method to measure
BMD in vivo. By using two x-ray beams
with differing peak kilovoltage (30-50
and >70 keV) that allow it to subtract
the soft tissue component, DXA
measures areal BMD typically of the
lumbar spine, proximal femur, and dis-
tal radius. With an automatic segmen-
tation, which 1s checked and corrected
by the operator at the spine and proxi-
mal femur, the L1-4 vertebral bodies,
femoral neck, intertrochanteric and
trochanteric regions are measured. The
total femur region of interest is derived
from femoral neck, intertrochanteric,
and trochanteric regions. In addition to
areal density values in grams per square
centimeter, DXA provides T scores and
Z scores. Z scores are standard devia-
tions compared with an age-matched
reference population, while T scores
are standard deviations compared with
a young adult reference population.

DXA BMD correlates well with
the biomechanically determined bone
strength, explaining approximately 70%
of bone strength (1,17), and is used to
define osteoporosis and osteopenia (2).
This definition was originally established
only for BMD of the proximal femur
(neck and total femur regions of interest)
(Fig 1a) but is currently also used for
lumbar spine (anteroposterior projection)
(Fig 1b) and distal radius (1/3 radius
region of interest) DXA. The WHO def-
inition applies to postmenopausal women
but according to ISCD guidelines these
definitions may also be used for men
older than 50 years (18-20). In addi-
tion the ISCD has introduced guidelines
for DXA of premenopausal women, men
younger than 50 years, and children
(18-20). In these populations Z scores
are used comparing individual BMD mea-
surements to age-matched reference pop-
ulations; a Z score lower than —2 is de-
fined as “below the expected range for
age.” It should be noted that osteoporo-
sis cannot be defined by using DXA
BMD alone in these populations.

DXA is indicated in women aged 65
years and older, as well as in younger and
perimenopausal women with risk fac-
tors for fragility fractures (19). In ad-
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Region Area[em’] BMC|(g)] BMD[g/cm?] T-score PR (Peak Reference)

Neck 4.35
Troch 12.91
Inter 19.28
Total 36.54

2.81
6.58
18.29
27.69

Region Area[em?] BMC]|(g)]

L1 12.10
L2 14.16
L3 15.77
Total 42.03

b.

Figure 1:
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DXA studies of the (a) proximal femur and (b) lumbar spine. (a) In the proximal femur of a 66-year-

old woman, the lowest T score of total and femoral neck regions of interest is used to classify the bone as
normal, osteopenic, or osteoporatic. In this postmenopausal woman the T score was —1.8, which is in the
osteopenic range. (b) L1—4 in the lumbar spine of a 48-year-old woman are analyzed. Vertebral bodies that
are deformed or degenerated (such as L4 in this study) are excluded. A T score of —1.2 is in the osteopenic
range. Also note in the graph to the right of the lumbar spine radiograph the BMD from the previous DXA
study is listed and a mild increase in BMD is demonstrated.

dition, men 70 years and older and youn-
ger men with risk factors for fracture
should undergo DXA. Interestingly, in-
dividuals being considered for pharma-
cologic therapy and those being treated
should also be examined with DXA
(19). Follow-up DXA scans every 1-2
years are used frequently in clinical
practice to verify response to treatment.
The least significant change that is de-
tected depends on the reproducibility
of the measurement; the most reliable
site is the spine, but a BMD change of
around 5% is needed to ensure a ther-
apy effect that exceeds the least signif-
icant change (21). It should be noted that
guidelines for bone densitometry may
vary between countries, as does DXA
availability.

DXA has some pertinent disadvan-
tages that need to be considered: (a) It
is a two-dimensional (2D) measure-
ment, which only measures density/
area (in grams per square centimeter)
and not the volumetric density (in milli-
grams per cubic centimeter) such as
with quantitative computed tomogra-
phy (CT). Areal BMD is susceptible to
bone size and will thus overestimate
fracture risk in individuals with small
body frame, who will have lower areal
BMD than normal-sized individuals. (b)
Spine and hip DXA are also sensitive to
degenerative changes, and individuals
with substantial degenerative disease
will have increased areal density, which
will suggest a lower fracture risk than is
actually present. All structures overly-
ing the spine, such as aortic calcifica-
tions, or morphologic abnormalities,
such as after laminectomy at the spine,
will affect BMD measurements; it is
also critical to check DXA images for
artifacts, which may alter BMD values.

Though quantitative CT was intro-
duced and studied prior to DXA (22,23)
it never gained the same prominence.
To perform quantitative CT, a standard
CT scanner with a calibration phantom
underneath the patient is used and den-
sity values measured in Hounsfield units
are transformed into BMD measured in
milligrams hydroxyapatite per cubic cen-
timeter by using a phantom. Typically
the L1-3 vertebral bodies are measured,
and there are single-section and volu-

radiology.rsna.org = Radiology: V'olume 263: Number 1—April 2012



Radiology

STATE OF THE ART: Osteoporosis Imaging

Link

Figure 2

metric techniques to measure the den-
sity; in addition, volumetric techniques
are available to measure proximal fe-
mur BMD. Quantitative CT has some
important advantages over DXA: (a) It
allows true volumetric measurements of
the lumbar spine and proximal femur,
which are independent of the body size
(Fig 2), (b) it provides purely trabecular
bone measurements, which are more
sensitive to monitoring changes with
disease and therapy (24), and (c¢)
cross-sectional studies have shown that
quantitative CT BMD of the spine al-
lows better discrimination of individ-
uals with fragility fractures (25,26). In
addition it should be noted that DXA
has limitations in measuring BMD in
patients with a body mass index over 25
kg/m?; in obese patients, superimposed
soft tissue will elevate measured BMD
owing to attenuation of the x-ray beams
and beam hardening artifact (27-29).

Pertinent disadvantages of quantita-
tive CT are a higher radiation dose
(0.06-2.9 mSv), a limited number of
longitudinal scientific studies assessing
how quantitative CT predicts fragility

fractures, and most of all that T scores
should not be used to define osteoporo-
sis with quantitative CT. A T score
threshold of —2.5 for quantitative CT
would identify a much a higher percent-
age of osteoporotic subjects and has
therefore never been established for
clinical use. Currently volumetric quanti-
tative CT techniques are state of the art
(30-33), and in clinical routine absolute
measurements of volumetric BMD to
characterize fracture risk have been
used (110-80 mg/cm?® = mild increase in
fracture risk, 80-50 mg/cm?® = moderate
increase in fracture risk, and <50 mg/
cm?® = severe increase in fracture risk).
Recommendations for the use of quanti-
tative CT instead of DXA are (a) in very
small or large individuals, (b) in older
individuals with expected advanced de-
generative disease of the lumbar spine
or morphologic abnormalities, and (c) if
high sensitivity to monitor metabolic
bone change is required, such as in pa-
tients treated with parathyroid hormone
or corticosteroids. A recent study com-
paring DXA and quantitative CT in older
men with diffuse idiopathic skeletal hy-

Figure 2:  Volumetric quantitative CT scans of the lumbar spine (L3 vertebral
body) obtained in a 64-year-old man show (a) axial source image and (b) sagittal
and (c) coronal reformation. In addition a five-element calibration phantom is shown
in d, which was used to transform Hounsfield units into milligrams

hydroxyapatite per milliliter (BMD).

perostosis (DISH) demonstrated that
quantitative CT was better suited to dif-
ferentiate between men with and those
without vertebral fractures (34); DISH is
a condition that is frequently found in
older individuals.

Other densitometric techniques for
the peripheral skeleton have been de-
scribed but have limited importance
clinically. These include peripheral
DXA (35), peripheral quantitative CT
(36), and digital x-ray radiogrammetry
(37). These techniques may be used in
primary care environments, as they are
inexpensive and convenient; however,
the different types of measurement of-
ten correlate poorly, creating a barrier
to consensus on the best use of periph-
eral measurements (21).

The effective radiation doses for hone
densitometry measurements overall are
relatively low compared with standard
radiographic examinations (Table) (38).
However, while DXA effective doses are
on the order of 1-50 uSv, effective dos-
es for volumetric three-dimensional
(3D) quantitative CT studies may be
on the order of 1.5-2.9 mSv.

Radiology: \olume 263: Number 1—April 2012 = radiology.rsna.org



Radiology

STATE OF THE ART: Osteoporosis Imaging

Link

Effective Doses for DXA, Quantitative CT, and HR-pQ CT

Examination Effective Dose (puSv)
Adult DXA (spine and hip imaging) 5-20
2D quantitative CT spine, scout image and three sections of 10 mm thickness 60
3D multidetector quantitative CT spine, L1-L2, pitch of 1 1500
3D multidetector quantitative CT hip, pitch of 1 2900
3D multidetector quantitative CT radius, pitch of 1 <10
HR-pQ CT <3
Chest radiography (posteroanterior) 20
Adult abdominal CT 8000
Lumbar spine anteroposterior radiograph 700
Lumbar spine lateral radiograph 300

Source.—References 38, 120.

Diagnostic Techniques to Measure
Bone Quality

Compared with BMD measurements,
which are well standardized and part of
clinical routine, techniques to measure
bone quality in vivo are more challenging
and, except for quantitative ultrasonog-
raphy (US), are research applications.
Advanced radiologic modalities such as
magnetic resonance (MR) imaging
and MR spectroscopy, multidetector CT,
and high-resolution peripheral quanti-
tative (HR-pQ) CT have been devel-
oped and optimized to quantify bone
architecture, metabolism, and function
with the goals of better predicting bone
strength and more sensitively monitoring
therapeutic interventions. In addition to
these advanced techniques, quantitative
US has been extensively studied as a
measure of bone quality.

High-Resolution Peripheral Quantitative CT
One of the most exciting developments to
assess bone architecture over the past 10
years has been the introduction of HR-pQ
CT (39-43) (Figs 3, 4). The dedicated ex-
tremity imaging system designed for im-
aging of trabecular and cortical bone ar-
chitecture is currently available from a
single manufacturer (XtremeCT; Scanco
Medical AG, Briittisellen, Switzerland)
and was developed based on experimen-
tal micro-CT technology. This device has
the advantage of substantially higher sig-
nal-to-noise ratio and spatial resolution

compared with multidetector CT and MR
imaging (nominal isotropic voxel dimen-
sion of 82 wm) (43). (By comparison,
multidetector CT has a maximum in-
plane spatial resolution of 250-300 wm
and MR imaging of 150-200 pwm, with
section thicknesses of 0.5-0.7 and 0.3-
0.5 mm, respectively). Furthermore, the
effective radiation dose is substantially
lower compared with whole-body multi-
detector CT and primarily does not in-
volve critical, radiosensitive organs (ef-
fective dose, <3 uSv). The scan time for
HR-pQ CT is approximately 3 minutes for
each scan of the tibia and femur.

There are several disadvantages to
this technology, most notably that it is
limited to peripheral skeletal sites and
therefore can provide no direct insight
into bone quality in the lumbar spine or
proximal femur-common sites for oste-
oporotic fragility fractures (43). Only a
limited region of the distal radius and
tibia may be scanned in one pass (9.02
mm in length with 110 sections). In ad-
dition, the scanner tube has a limited
life span and motion artifacts some-
times limit morphologic analysis of the
bone architecture.

The advantages of the system are
that it allows acquisition of BMD, trabec-
ular, and cortical bone architecture at
the same time. A semiautomatic stan-
dard protocol provided by the manufac-
turer is used for image analysis; the
segmentation process is initiated by the
operator and automatically adjusted by

using an edge detection process to pre-
cisely identify the periosteal boundary.
The cortical bone compartment is seg-
mented by using a 3D Gaussian smooth-
ing filter followed by a simple fixed
threshold. The trabecular compartment
is identified by digital subtraction of
the cortical bone from the region en-
closed by the periosteal contours.
Based on this semiautomated contour-
ing and segmentation process, the tra-
becular and cortical compartments are
segmented automatically for subse-
quent densitometric, morphometric, and
biomechanical analyses.

A five-cylinder hydroxyapatite cali-
bration phantom is used to generate
volumetric BMD separately for cortical
and trabecular bone compartments
similarly to central QCT. Morphometric
indexes analogous to classic histomor-
phometry as well as connectivity, struc-
ture model index (a measure of the rod-
or platelike appearance of the
structure), and anisotropy can be calcu-
lated from the binary images of the tra-
becular bone. In addition, finite element
analysis can be applied to these data
sets and apparent biomechanical prop-
erties (eg, stiffness, elastic modulus)
can be computed by decomposing the
trabecular bone structure into small cu-
bic elements (ie, the voxels) with as-
sumed mechanical properties (44-46)
(Fig 3). Reproducibility of HR-pQ CT
densitometric measures is high (coeffi-
cient of variation <1%), while biome-
chanical and morphometric measures
typically have a coefficient of variation
of 4%-5% (39,47,48).

A number of clinical studies have
been performed that have shown prom-
ising results in differentiating postmen-
opausal women and older men with
from those without fragility fractures
(39,49) as well as in monitoring thera-
peutic interventions (41,50). It was also
found that trabecular and cortical sub-
regional analysis may provide additional
information in characterizing sex- and
age-related bone changes (51). Recently
structural analysis of cortical bone has
been introduced to the study of HR-pQ
CT data sets, and cortical porosity mea-
surements have been developed (44). A
recent study suggested that cortical po-
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HR-pQ CT imaging studies of the distal radius in two postmenopausal women aged 63 and 68 years illustrate bone quality differences between a healthy

control subject (top) and a patient with a history of hip and forearm fragility fractures (bottom). A, E, The 2D tomograms and B, £, 3D surface renderings illustrate

dramatic differences in cortical and trabecular structure. C, G, These bone quality differences can be quantified by using 3D morphometry to determine cortical thick-
ness (Ct.Th) and trabecular number (7b.N, the inverse of the intertrabecular distances): The healthy individual exhibits a homogeneous trabecular structure and rela-
tively thick cortex, while the fracture patient has a more heterogeneous distribution of trabeculae and thin cortex. D, H, Microfinite element analysis simulating a 1%

compressive load illustrates the irregular distribution of stresses in the fracture subject compared with a more homogeneous distribution in the healthy control sub-

ject. (Image courtesy of Andrew Burghardt.)

rosity measurements may be useful to
assess increased fracture risk in patients
with diabetes (52) (Fig 4). Patients with
type 2 diabetes are at higher risk for
fragility fractures, yet DXA BMD in pa-
tients with diabetes is increased and is
therefore not well-suited to diagnose
fracture risk (53).

Multidetector CT

Multidetector CT is standard in clinical
practice, with superior spatial resolu-
tion compared with previous spiral CT
scanners. For imaging of trabecular
bone structure, however, spatial resolu-

tion is still limited, given a minimum
section thickness on the order of 0.6
mm with minimum pixel sizes of 0.25-
0.3 mm? (54). With this spatial resolu-
tion, imaging of individual trabeculae
(measuring approximately 0.05-0.2 mm
in diameter) is subject to substantial
partial volume effects; however, it has
been shown that trabecular bone pa-
rameters obtained with this technique
correlate with those determined on
contact radiographs from histologic
bone sections and micro-CT (55,56).
An advantage of multidetector CT
compared with HR-pQ CT is access to

central regions of the skeleton such as
the spine and proximal femur, sites at
risk for fragility fractures, where moni-
toring of therapy may be most efficient.
However, to achieve adequate spatial
resolution and image quality the required
radiation exposure is substantial, which
offsets the technique’s applicability in clin-
ical routine and scientific studies
(38,57). High-spatial-resolution multide-
tector CT requires considerably higher
radiation doses compared with stan-
dard techniques for measuring BMD.
Compared with the 0.001-0.05-mSv
effective dose associated with DXA in
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Figure 4

b.

Figure 4:  HR-pQ CT images of the distal tibia in
(a) a healthy postmenopausal woman aged 61 years
and (b) a postmenopausal diabetic woman aged 65
years with fragility fracture. Note differences in cor-
tical bone porosity, which is increased in the diabetic
fracture patient (arrows). Trabecular bone architec-
ture is more scarce in the fracture patient. Both
findings contribute to increased fracture risk.

adult patients and 0.06-0.3 mSv deliv-
ered through 2D quantitative CT of the
lumbar spine, protocols used to exam-
ine vertebral bone structure with
high-spatial-resolution = multidetector
CT provide an effective dose of ap-
proximately 3 mSv (57,58).

Clinical studies have demonstrated
that multidetector CT-derived structure
measures at the proximal femur and
lumbar spine improve differentiation be-
tween osteoporotic patients with proxi-
mal femur fractures and healthy control
patients (59) (Fig 5) as well as individuals
with and those without osteoporotic spine
fractures (58). In addition the technique
was shown to be well suited for moni-
toring teriparatide-associated changes

Figure 5:  Multidetector CT scan (section thickness, 0.625 mm, reconstructed
at 1.25 mm:; in-plane spatial resolution, 0.486 X 0.486 mm?; standard bone
kernel algorithm used to reconstruct the axial images) of bilateral hips used for
texture analysis of the proximal femur in a postmenopausal woman. Patient had
a fragility fracture at the right hip, and the trabecular texture of the left hip is
analyzed. A morphologic calibration phantom is located anterior to the pelvis

(arrow) (52).

t e 2 = “ |
Figure 6: Distal radius high-spatial-resolution MR
image (voxel size: 0.156 X 0.156 X 0.5 mm?)
obtained at 3.0 T with a fully balanced steady-state
free precession sequence and a transmit-receive
quadrature wrist coil in a 55-year-old postmeno-
pausal woman. Heterogeneity of trabecular bone
architecture and focal loss of trabecular bone are
well demonstrated.

of vertebral microstructure (57). Re-
cently Keaveny et al (60-62) used finite
element analysis to study vertebral body
strength and therapy-related changes
in multidetector CT data sets of the
spine and proximal femur; the results
of this work suggested improved moni-
toring of treatment effects compared
with DXA and greater sensitivity in
fracture risk assessment.

MR Imaging
Advances in MR imaging software and
hardware including 3-T imaging and im-
proved coil design have allowed substan-
tially enhanced trabecular bone architec-
ture imaging. Calibration and validation
studies have demonstrated that MR-
derived trabecular structure measures
correlate with histology, micro-CT, and
biomechanical strength derived from in
vitro studies (63-66). Lack of radiation
makes MR imaging attractive in partic-
ular for scientific and clinical studies.
However, to date, the technique has been
mainly established for peripheral imag-
ing of the distal radius, tibia, and calca-
neus (Fig 6). Initial studies have focused
on the proximal femur, yet this site is
challenging, and visualization of trabec-
ular bone architecture is still limited
(64,67). Also, spatial resolution with MR
imaging is in the range of trabecular di-
mensions (in-plane resolution, 0.15-0.3
mm?; section thickness, 0.3-1 mm),
which results in substantial partial vol-
ume effects, and long acquisition times
make imaging susceptible to motion ar-
tifacts.

A number of clinical studies were
performed that demonstrated that MR
imaging-derived structure measures
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provided additional information to
BMD in differentiating individuals with
from those without fragility fractures
(68-72). In addition to postmenopausal
women, trabecular bone was studied
with MR imaging in hypogonadal men,
patients with cardiac and renal trans-
plants, and patients with renal osteo-
dystrophy (72-76). Longitudinal studies
with MR imaging-derived structure
measures demonstrated the feasibility
of the technique in monitoring the ef-
fect of therapeutic interventions. Ches-
nut et al (77) showed that salmon calci-
tonin nasal spray had therapeutic
benefit compared with placebo in main-
taining trabecular microarchitecture at
multiple skeletal sites, while Benito et
al (73) demonstrated that testosterone
replacement in hypogonadal men im-
proved trabecular architecture. Inter-
estingly it was also noted that structure
parameters obtained from HR-pQ CT
were not directly comparable with
those determined from high-spatial-res-
olution MR studies (78); in particular
the morphologic parameters, trabecu-
lar bone fraction, and trabecular thick-
ness exhibited large discrepancies (MR/
HR-pQ CT = 3-4). One of the main
causes for this discrepancy is the pres-
ence of susceptibility artifacts with MR
imaging, which amplify the size of indi-
vidual trabeculae. Folkesson et al (79)
found longitudinal changes in MR-de-
rived bone microarchitecture due to
bisphosphonate therapy in perimeno-
pausal women treated for 24 months
with alendronate, yet these were differ-
ent from those found by using HR-pQ
CT measurements.

Recently ultrashort-echo-time
(UTE) imaging techniques for quantifi-
cation of water content of the cortical
bone to assess bone quality were devel-
oped. UTE imaging allows detection of
signal components with T2 relaxation
times on the order of only a few hun-
dred microseconds, which are found in
highly ordered tissues such as cortical
bone and tendons and cannot be de-
tected with conventional imaging tech-
niques (80). Techawiboonwong et al
(81) validated UTE imaging in bone
specimens with an isotope exchange ex-
periment and studied the right tibial

midshaft in pre- and postmenopausal
women and patients undergoing hemo-
dialysis. The quantitative analysis
showed that bone water content was
135% higher in the patients undergoing
maintenance dialysis than in the pre-
menopausal women and was 43% high-
er than in the postmenopausal women.
Interestingly no substantial differences
were found in tibial volumetric BMD
between patients undergoing hemodial-
ysis and pre- and postmenopausal nor-
mal controls. This increase in water
content was explained by abnormal cor-
tical porosity and microscopic pores
being filled with water. Abnormal po-
rosity was related to renal osteodystro-
phy in these patients undergoing main-
tenance dialysis and was also
demonstrated in an experimental study
in rats after nephrectomy (82).

MR Spectroscopy and Perfusion

Bone marrow is critical to the viability
and strength of trabecular and cortical
bone. Recently there has been substan-
tial interest in better understanding the
role of bone marrow fat in osteoporosis.
Researchers have provocatively asked the
question whether osteoporosis is obe-
sity of bone, as conditions with increased
fracture risk such as diabetes mellitus,
immobility, and glucorticoid therapy are
associated with bone marrow adiposity
(83). Proton MR spectroscopy has been
proposed as a promising candidate for
quantifying marrow adiposity noninva-
sively (84-86), which can be easily inte-
grated into routine clinical procedures.
In contrast to the qualitative evaluation
of red marrow versus yellow marrow pro-
vided by conventional MR imaging, MR
spectroscopy provides quantitative as-
sessment of water and fat content in
bone marrow. Furthermore, MR spec-
troscopy can provide information on
different compartments of lipids in
marrow, such as saturated lipids ver-
sus unsaturated lipids (87). Previous
studies have shown that bone marrow
fat as measured with MR spectroscopy
increased with decreasing BMD mea-
sured with DXA and was significantly
elevated in postmenopausal women and
older men (84,85,88). While these
studies focused on the relationship be-

tween bone marrow fat and DXA BMD,
recent research from the University of
California at San Francisco has indi-
cated a correlation between bone
marrow fat and HbAlc in patients with
type 2 diabetes, suggesting that bone
marrow fat may provide information on
how well diabetes is controlled.

In addition to bone marrow fat,
bone marrow perfusion was also identi-
fied as a potential biomarker for bone
quality (85,89). Dynamic contrast-
enhanced MR imaging can be used to
measure perfusion indexes such as
maximum enhancement and enhance-
ment slope of bone marrow. Griffith
et al (85,89) demonstrated significantly
decreased vertebral and proximal femur
marrow perfusion indexes in postmeno-
pausal women with osteoporosis com-
pared with healthy women and those
with osteopenia.

Quantitative US

A recent meta-analysis on osteoporosis
screening found that both DXA and cal-
caneal quantitative US could be used to
predict fractures in an older patient
population but that the correlation be-
tween the two techniques was low (90).
Quantitative US is a low-cost technique
performed with dedicated scanners ac-
quiring data mostly at the calcaneus.
Using a water bath or US jelly, an emitter
and receiver probe are brought in close
proximity to the soft tissue surrounding
the bone (eg, calcaneus) and the prop-
agation of ultrasound waves through the
bone is measured, which is character-
ized by the velocity of transmission and
the amplitude of the ultrasound signal.
Velocity is measured as meters per sec-
ond and defined as speed of sound; this
is independent of ultrasound wave at-
tenuation. Speed of sound decreases in
osteoporotic bone. In addition, broad-
band ultrasound attenuation is calcu-
lated in decibels per megahertz, which
increases in osteoporotic bone.

The strong power of quantitative US
to predict osteoporotic fractures has sug-
gested that the technique may be well
suited to assess bone quality (91). How-
ever, the proliferation of quantitative
US devices that are technologically di-
verse, measuring and reporting variable
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bone parameters in different ways, exam-
ining different skeletal sites, and having
differing levels of validating data for as-
sociation with DXA-measured BMD and
fracture risk, has created many chal-
lenges in applying quantitative US for
use in clinical practice (92).

It has been shown that ultrasound
velocity reflects the material properties
of bone, such as elastic modulus and
compressive strength, and that it is
influenced by its density, architecture,
and elasticity (93). Quantitative US de-
vices generate pulsed acoustic waves
with a frequency between 500 kHz and
1.25 MHz according to the manufacturer,
which is considerably lower than the
frequencies commonly used in imaging
US. Dedicated scanners for calcaneus,
phalanges, and tibia are available, with
most studies being performed at the
calcaneus and phalanges.

While quantitative US has been shown
to differentiate individuals with from
those without fragility fractures (94,95)
and to predict fracture risk (96,97), it
has not been established to diagnose
osteoporosis such as DXA has and it is
currently not recommended to monitor
treatment response according to the ISCD
official positions (92), as the number of
large-scale studies describing the effi-
cacy of quantitative US in monitoring
the effects of treatments is limited.

Detection of Fragility Fractures by

Using Radiologic Techniques

The diagnosis of fragility fractures is
critical for patient management in oste-
oporosis, and presence of fragility
fracture requires therapy. However,
vertebral fractures are frequently
asymptomatic and may therefore easily
be missed or misinterpreted as an inci-
dental finding that is not clinically rel-
evant on standard images obtained for
other indications. In 2000, a study (98)
published in Osteoporosis International
received major public attention; the
study raised substantial concern that
vertebral fractures are being inade-
quately reported by radiologists. In
this study, Gehlbach et al (98) reviewed
the posteroanterior and lateral chest
radiographs of 934 women aged 60

Figure 7

Figure 7:

Insufficiency fracture of the femoral head. (a, b) Increasing joint space narrowing (arrow) is

demonstrated on right hip radiographs over a period of 12 months in a 78-year-old man with increasing
clinical symptoms. (c) Axial fluid-sensitive intermediate-weighted fast spin echo image obtained at 12
months shows fracture lines at the posterior aspect of the femoral head (arrow) and a substantial amount of
bone marrow edema pattern. (d) Sagittal T1-weighted fast spin echo image of the lumbar spine depicts
multiple endplate fractures (arrows) indicating increased fragility of the spine.

years and older who had been admitted
to the hospital. Moderate or severe
vertebral fractures were identified in
132 study subjects (14.1%), but only
50% of the radiology reports identified
a fracture as present, and only 17
(1.8%) of the 934 patients had a dis-
charge diagnosis of vertebral fracture.
As a consequence, relatively few of these
patients with vertebral fractures re-
ceived appropriate osteoporosis-specif-
ic pharmacotherapy to prevent further

fracture. Subsequently other studies were
published with similar findings (99,100).
Kim et al (99) analyzed the posteroan-
terior and lateral chest radiographs of
100 randomly selected patients 60 years
or older who presented to the emer-
gency department of a tertiary care hos-
pital. A clinically important vertebral
fracture was defined as one that was at
least moderate to severe (loss of height
= 25%). The prevalence of moderate to
severe vertebral fractures was 22%.
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Figure 8

a. b.

Figure 8: Radiographs show atypical subtrochanteric stress fracture of the right proximal femur diaphysis
in a 65-year-old woman who underwent treatment for 5 years with alendronate. (a) Note the focal periosteal
reaction with cortical thickening of the right lateral femoral diaphysis with subtle fracture line (arrow). (b)
Image demonstrates protective internal fixation of the fracture with a long gamma nail.

However, only 55% (12 of 22) of these
vertebral fractures were mentioned in
the official radiology reports.

These studies demonstrated that
lateral chest radiography has the poten-
tial to reveal previously undiagnosed
vertebral fractures but that radiologists
have limited awareness of the importance
of these findings. This resulted in the
Vertebral Fracture Initiative by the In-
ternational Osteoporosis Foundation and
the European Society of Skeletal Radi-
ology to raise awareness and teach ra-
diologists how to diagnose osteoporotic
fractures. Web-based teaching mate-
rials are now available online on how to
correctly classify osteoporotic vertebral
fractures (www.iofbonehealth.org/vfi
/index-flash.html).

An international standard for the
classification of vertebral osteoporotic
fractures is the semiquantitative grad-
ing system, developed by Genant et al
(101), which is recommended by most
societies such as the ISCD, Interna-
tional Osteoporosis Foundation, and

European Society of Skeletal Radiology.
According to this grading system, a ver-
tebral deformity of T4-L4 with more
than 20% height loss and a 10%-20%
area of height reduction is defined as a
fracture. This approach was applied
and tested extensively in a number of
clinical drug trials and epidemiologic
studies (102,103). Four grades are dif-
ferentiated: grade 0, no fracture; grade
1, mild fracture (reduction in vertebral
height of 20%-25%, compared with ad-
jacent normal vertebrae); grade 2,
moderate fracture (reduction in height
of 25%-40%); and grade 3, severe
fracture (reduction in height of more
than 40%). Wedge-shaped and bicon-
cave fracture deformities are most com-
mon in osteoporosis, while posterior
vertebral fractures should always raise
concern for neoplastic/metastatic ver-
tebral body infiltration (104). While the
semiquantitative grading system is most
widely used, it should be noted that a
number of other methods were also de-
veloped for grading osteoporotic frac-

tures (105), including the Algorithm
Based Qualitative Definition (106),
which focuses on radiologic evidence of
change at the vertebral endplate as the
primary indicator of fracture.

Standard multidetector CT has also
been identified as an important imaging
modality to diagnose incidental osteo-
porotic vertebral fractures (107,108).
Axial sections are limited in the diagno-
sis of vertebral fractures, yet sagittal
and coronal reconstructions are now
part of the standard imaging protocol in
many institutions and demonstrate
fracture deformities well. In addition,
lateral digital “scout” radiographs pro-
vide information on vertebral fracture
deformities. In a previous study (107),
axial images and sagittal reformations
obtained from routine abdominal and
thoracoabdominal multidetector CT
scans in 112 postmenopausal women
were analyzed by two radiologists in
consensus and the findings were com-
pared with those in the official radiol-
ogy reports. Osteoporotic vertebral de-
formities were found on the sagittal
reformations in 27 patients, but only six
of these deformities were shown in the
axial images and none were diagnosed
in the official radiology report. The au-
thors concluded that sagittal reforma-
tions of standard multidetector CT im-
ages provide important additional
information on osteoporotic vertebral
deformities and should be part of stan-
dard CT analyses. In a similar study,
Williams et al (108) found that 38
(19.8%) of 192 patients had moderate
to severe vertebral fractures and in only
five patients were these correctly re-
ported in the initial CT reports. Conse-
quently Williams et al stated that inci-
dental osteoporotic vertebral fractures
are underreported at CT and that sagit-
tal reformations are strongly recom-
mended to improve the detection rate.

In addition to chest radiography and
multidetector CT, DXA has also been
established to assess vertebral fractures
(109) and is recommended in postmen-
opausal women older than 70 years,
men older than 80 years, and patients
with height loss and diseases associated
with increased risk of vertebral
fractures (18).
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During the past decade a number of
publications focused on osteoporotic in-
sufficiency fractures and demonstrated
that findings previously identified as
osteonecrosis are indeed insufficiency
fractures (110-115). Insufficiency frac-
tures at the medial femoral condyle of
the knee and femoral head are both fre-
quent findings in older individuals and
indicate increased fragility of the skele-
ton (Fig 7). Fragility fractures of the sa-
crum have been misinterpreted as neo-
plastic lesions, and several previous studies
(110,111,116) focused on the importance
of correctly diagnosing sacral fractures
to avoid misguiding patient management,
which may produce dangerous and
costly interventional procedures.

Recently atypical subtrochanteric and
femoral shaft fractures have been identi-
fied in older individuals and associated
with long-term bisphosphonate therapy
(15,117,118).  Coexisting factors have
been discussed in the etiology of these
fractures such as comorbidities (eg,
rheumatoid arthritis, diabetes) and other
drugs (eg, glucocorticoids, proton pump
inhibitors) (15,117,118). The task force
of the American Society for Bone and
Mineral Research (118) identified a
number of features of these fractures,
which include location in the subtrochan-
teric region and femoral shaft, transverse
or short oblique orientation, minimal or
no associated trauma, a medial spike
when the fracture is complete, absence of
comminution, cortical thickening, and a
periosteal reaction of the lateral cortex
(Fig 8). These fractures are increasingly
diagnosed and not infrequently only lat-
eral cortical thickening of the cortex is
found, which may progress to a complete
fracture and is therefore a critical finding
that needs to be communicated to the cli-
nician. These incomplete stress fractures
are treated with prophylactic internal fix-
ation surgery.

As radiologists we have several impor-
tant roles and responsibilities in the im-
aging of osteoporosis (119): We need to
(a) diagnose osteoporosis, (b) alert clini-
cians to increased fracture risk, (c)
monitor treatment, and (d) correctly in-

terpret fragility fractures. In addition we
need to ensure that the proper imaging
modality is used whenever possible—
that is, if DXA has limitations, an at-
tempt should be made to use quantita-
tive CT, and if this is not possible we
need to indicate the limitations in our
report to the referring clinician. Also,
we are responsible for quality assurance
of quantitative measurements and we
should be a driving force in developing
new techniques to analyze bone quality.
The importance of osteoporosis is in-
creasing in our aging society; fragility
fractures may have a devastating impact
on the individual and as radiologists we
have a critical role in preventing these.
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