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The application of dual-energy X-ray absorptiometry (DXA) examinations in the assessment of bone mineral
density (BMD) in the lumbar spine, hip, and forearm is the basic diagnostic method for recognition of osteo-
porosis. The constant development of DXA technique is due to the aging of societies and the increasing im-
portance of osteoporosis as a public health problem. In order to assess the degree of bone demineralization in
patients with hyperparathyroidism, forearm DXA examination is recommended. The vertebral fracture assess-
ment (VFA) of the thoracic and lumbar spine, performed by a highly-skilled technician, is an interesting alter-
native to the X-ray examination. The DXA total body examination can be useful in the evaluation of fat redistri-
bution among patients after bariatric surgery, in patients infected with HIV and receiving antiretroviral therapy,
and in patients with metabolic diseases and suspected to have sarcopenia. The assessment of visceral adipose
tissue (VAT) and detection of abdominal aortic calcifications may be useful in the prediction of cardiovascular
events. The positive effect of anti-resorptive therapy may affect some parameters of DXA hip structure analy-
sis (HSA). Long-term anti-resorptive therapy, especially with the use of bisphosphonates, may result in chang-
es in the DXA image, which may herald atypical femur fractures (AFF). Reduction of the periprosthetic BMD in
the DXA measurements can be used to estimate the likelihood of loosening the prosthesis and periprosthetic
fractures. The present review aims to present current applications and selected technical details of DXA.
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Background

Dual-energy X-ray absorptiometry (DXA) is currently a primary
radiological technique in the diagnosis of osteoporosis, used
for stratifying the risk of osteoporotic fractures by assessing
bone mineral density (BMD) [1,2]. The introduction of DXA
scanners in 1987 to clinical practice was a milestone that al-
lowed the precise diagnosis of osteoporosis [2,3]. According
to the first publication showing the effectiveness of bisphos-
phonates in the treatment of bone loss [4], DXA contributed
to the management of osteoporotic patients. The introduc-
tion of fan beam radiation source technology in 1993 allowed
shortening the radiation exposure time while improving the
quality of the images received [5]. Based on the BMD mea-
surements, the T-score and Z-score parameters were defined.
T-score is the difference between measured BMD and young
adult mean BMD (specific for gender and ethnic group) in re-
lation to the young adult population standard deviation (SD).
Z-score is the difference between measured BMD and age-
matched mean BMD (specific for gender and ethnic group)
in relation to age-matched population SD [2]. The improve-
ment of the quality of the obtained images enabled applica-
tion of the DXA technique in the diagnosis of vertebral com-
pression fractures using a vertebral fracture assessment (VFA)
tool, and the introduction of high-resolution VFA imaging al-
lowed for the assessment of calcifications in the abdominal
aorta [6]. The development of fan-shaped beam densitome-
ters (associated with multiple detectors), in contrast to pen-
cil densitometers (emitting a single rectilinear highly collimat-
ed beam of X-rays associated with a single detector), allowed
fast DXA body composition assessment comprising bone min-
eral content (BMC), fat mass, and lean mass [7]. New types
of DXA examinations, such as hip structure analysis, finite el-
ement analysis, detection of atypical femur fractures, or the
periprosthetic DXA, outline new directions of the DXA devel-
opment and are currently under clinical trials. The present re-
view aims to present current applications and selected tech-
nical details of the DXA examinations.

Importance of the DXA in Diagnostics of BMD

The basic function of DXA remains the assessment of BMD,

used to recognize and follow up on the effects of osteoporo-

sis treatment. Diagnosis of osteoporosis is based on the WHO

criteria of osteoporosis and osteopenia [1]:

¢ T-score equal to or higher than -1 means normal value;

e T-score from -1 to -2.5 means osteopenia;

e T-score equal to or less than -2.5 means osteoporosis;

e T-score equal to or less than -2.5 with the presence of one
or more fragility fractures means established osteoporosis.
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The T-score value is not validated for premenopausal women,
men under 50 years of age, and for children. For these groups
of patients, the Z-score parameter is more appropriate [2]. A
Z-score equal to or less than -2.0 means “low bone density
for chronologic age” [8].

The DXA diagnosis of osteoporosis is based on the assess-
ment of the T-score of vertebrae L1-L4 in the lumbar spine
(Figure 1), the T-score of the femoral neck and total proximal
femur (Figure 2), as well as the T-score of the nondominant
forearm (Figure 3) [9,10]. According to the guidelines of the
National Osteoporosis Foundation, the worst result should
be chosen [11].

To correctly perform the DXA examination of the lumbar spine,
the patient should be supine in the center of the device and
have lower limbs bent at a right angle in the hip and knee
joints, supported by a positioner. The positioner ensures max-
imum flattening of the lumbar lordosis and the parallel posi-
tion of the long axis of the lumbar spine in relation to the ta-
ble of the device. After the examination, it should be checked
whether the image of the lumbar spine is centered with suf-
ficient airspace (equal on both sides of the lumbar spine),
the spine is not rotated, the software correctly marked the
boundaries of the vertebral bodies (in Figure 1 these are yel-
low curved lines at the borders of the vertebral bodies), and
correctly separated the individual vertebral bodies from each
other (in Figure 1 these are yellow straight lines between the
vertebral bodies). Errors of these operations made by the soft-
ware must be corrected manually.

If the T-score of the adjacent vertebrae differ by a value great-
er than 1.0 or in the presence of aortic calcifications and for-
eign bodies inside the vertebrae, such as cement or metal but-
tons, it is recommended to exclude a vertebra with a higher
T-score from the analysis. The presence of radiation-absorb-
ing contrast from previous radiological examinations in the
examined area may disturb the assessment of BMD. The in-
terval between radiological examination with contrast and
densitometry depends on the marker used and its elimination
time from the body, especially from the examined area. The
lumbar spine DXA examination should start at the borderline
L5/S1 to provide the correct identification of individual verte-
brae and repeatability of examinations in subsequent years.
An important problem may be the presence of the so-called
“transitional vertebra”, found on average in 14.7% of the pop-
ulation [12], more often in men (28.1% vs 11.1% in men vs
women, respectively) [13]. Degenerative changes due to their
structure, and often due to the presence of calcifications, are
characterized by much higher density and overstate the aver-
age mineral density of the vertebrae and should be removed
manually by a technician from the analyzed region of inter-
est (ROI). Otherwise, an overestimated T-score for the L1-L4
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Summary of the DXA results:

ROI Area BMC BMD T- PR Z- AM

(cm2) () (g/em2) score (%) score (%)
LI 1440 1119 0777 -19 78 04 9%
L2 1428 1154 0808 20 79 03 9%
L3 1501 1370 0913 -16 84 02 103
L4 1566 1297 0828 21 18 03 9%/l
Sum 5935 49.40 0.832 79 02 97)
CV BMD catk. 1.0%, AC=1.042, BCF=1.013, TH=7.592
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Figure 1. DXA examination of the lumbar spine. At the bottom of the picture is visible the borderline L5/S1, at the top the last pair
of ribs connected to the Th12 vertebra. The presented image of the lumbar spine is not suitable for diagnostic objectives,
but it is used to identify the ROl in the lumbar spine (vertebral bodies from L1 to L4). The diagnostic result is the T-score
parameter estimated for the entire examined ROl area (circled in red). If, due to degenerative changes or artifacts, all 4
lumbar vertebrae cannot be used for analysis, 3 vertebrae should be used. The result of examination is reliable if at least 2

vertebrae are suitable for analysis.

vertebrae of the lumbar spine may exclude patients from an-
ti-resorptive therapy who in fact meet the DXA criteria for os-
teoporosis. The lumbar spine BMD is rarely underestimated,
usually in patients after neurosurgical and orthopedic spine
procedures (without the use of stabilizing materials) and in
the presence of lytic neoplastic lesions in the vertebral bod-
ies [14]. The problems described above result in incorrect es-
timation of BMD and they are diagnostic pitfalls of the lum-
bar spine DXA examination.

DXA examination of the proximal femur, similar to the exam-
ination of the lumbar spine, is performed in the supine posi-
tion, but with lower limbs straightened and turned inwards to
leave the smaller trochanter just visible. The image of a cor-
rectly performed examination should show the femoral neck,
ischial bone, and greater trochanter. At least 3 cm of soft tissue
should be visible below the ischial bone and above the great-
er trochanter. Before the analysis of the result, the physician
should remember these principles and also should verify that
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Figure 2. DXA examination of the hip. The diagnostic result is the T-score parameter estimated for the femoral neck (the upper value
in the red circle) and for the total proximal femur (the lower value in the red circle). The ROI of the femoral neck (marked as
green frame) should be perpendicular to the femoral neck, should not include the greater trochanter and the ischial bone,
but should include soft tissues on both sides of the femoral neck. The midline (marked as green line) should cover the long
axis of the femoral neck. In the blue circle is marked the FRAX for major osteoporotic fracture (upper value) and FRAX for hip

fracture (lower value).

the image is centered and does not contain foreign bodies and
that the software correctly identified the bone tissue bound-
aries, the location of the midline, and the ROI of the femo-
ral neck (Figure 2). Otherwise, the estimation of the BMD val-
ue will be incorrect, which is an important diagnostic pitfall.

DXA examination of forearm is a useful diagnostic tool [15], es-
pecially if it is difficult to interpret results of the lumbar spine
or hip examinations, most often due to bilateral endoprosthe-
ses or obesity. This examination is also recommended in as-
sessing bone decalcification among patients with hyperpara-
thyroidism. Modern densitometers have standardized ROI for

analysis and the measurements of BMD between the middle
and distal 1/3 of the radial bone, which is considered reliable
and diagnostic (Figure 3) [16,17]. Before the start of forearm
examination, a patient should sit on a chair next to a table.
The examined limb should be bent at the elbow, wrist placed in
pronation on the table, and the hand clenched into a fist. The
scan should start at the distal contact point between the radi-
us and the ulna. The scan should show centered bones of the
forearm with the visible distal epiphysis of the ulna (Figure 3).
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Figure 3. The DXA examination of the right forearm. The diagnostic result is the T-score parameter estimated for the 1/3 ROl of
nondominant forearm (blue frame). The reference line (marked in purple) should be positioned at the distal end of the
styloid process of the ulna, the radius plate should be located outside the ROI UD (green frame), and a vertical line crossing
the middle of the 1/3, MID, and UD ROI (marked in red) should cut the airspace between the radius and ulna.

Safety Considerations Regarding Radiation
Dose

The radiation effective dose (RED) depends on the DXA scan
modality used and takes the lowest values for the “fast-array”
scan, intermediate values for the high-definition (HD) scan, and
the highest values for the “array” scan [18]. RED is defined by
the following values: 17.79-32.80 pSv for DXA examination
of the lumbar spine, 5.29-9.55 uSv for DXA examination of
the hip, less than 60 pSv for the VFA scan in the sagittal pro-
jection of the thoracolumbar spine, and 4-5 puSv for the body
composition DXA scan performed with the latest-generation

densitometers [7,18]. REDs used in DXA examinations are low-
er compared to the conventional radiographic examinations
and are comparable to the background radiation [7,18]; there-
fore, the only contraindication to DXA examinations is preg-
nancy [19]. For comparison, the effective dose of a computed
tomography of head is 2 mSy, which is equivalent to 8-month
exposure to background radiation [7,20].
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Vertebral fracture assessment:

____ Height (mm) Deformity (Grade %)
Posterior Middle Anterior Wedge  Biconcave Crush

T4 I.8% 14%  0.0%
orny

TS 17.8 155 156 122% 12.5% 0.0%
Norm

T6 15.7 15.2 15.0 < 4.3% 3.4% 0.0%
Norm

T7 17.6 15.7 167 52% 10.7% 0.0%
Norm

T8 18.9 16.1 167  11.5% 14.9% 0.0%
Norm

T9 18.6 17.3 169 8.9% 1.1% 0.0%
Norm

T10 20.3 19.0 19.6  3.5% 6.4% 0.0%
Norm

Til 224 20.3 203 9.5% 9.7% 0.0%
Norm

Ti12 2315 2012 200 13.8% 8.3% 0.0%
Norm

L1 242 219 21.8  10.1% 9.5% 0.0%
Norm

L2 26.1 225 24.1 7.7% 13.5% 0.0%
Norm

L3 26.1 242 256N Vo 7.6% 0.0%
Norm

L4 253 232 239 57% 8.6% 0.0%
Norm

sD 1.0 1.0 1.0 5.0% 5.0% 5.0%

HOLOGIC®

Figure 4. Result of the VFA examination in the thoracic and lumbar spine. The table shows individual vertebral heights in millimeters
(marked in the black circle — the posterior, middle and anterior height, respectively, in order from the left) and the degree of
deformation (%) of vertebral bodies (marked in the green circle — the wedge, biconcave and crush deformation, respectively,
in order from the left). The red arrow indicates the position of the sacrum and the blue arrow the position of the L5 vertebra.
Clear visualization of the sacrum and vertebra L5 is necessary for identification of examined vertebrae.

DXA Diagnosis of Vertebral Fractures Using
VFA

The VFA tool allows diagnosis of osteoporotic fractures of ver-
tebrae from Th4 to L4 by semi-automatic or manual assess-
ment in the sagittal plane of 3 vertebral heights (anterior, me-
dial, and posterior) and their percentage reduction (Figure 4).
Mild fracture is recognized by a 20-25% reduction in verte-
bral height, moderate when the reduction is 26-40%, and
severe when it exceeds 40% [21]. After analyzing vertebral

heights, the software assigns the degree of fracture and its
type (wedge, biconcave, or crush) to the vertebrae. The ob-
tained results are presented as quantitative and semi-quan-
titative assessments (Figure 5).

The location of measurement points in a semi-automatic
manner shows particular effectiveness in the assessment of
healthy vertebrae and the diagnosis of benign fractures [22].
However, it is less effective for moderate and severe fractures.
In this situation, the position of the measurement points must
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Vertebral fracture assessment:

Height (mum) Deformity (Grade %
Posterior Middle Anterior Wedge Biconcave Crush

117/ 19.1 16.3 162 154% 14.7% 0.0%
Norm

TS 179 119 103 335%  0.0%
Wedge (severe)

T9 20.4 16.7 17.4  14.5% 18.0% 0.0%
Norm

T10 21.3 19.3 20.5 3.9% 9.6% 0.0%
Norm

Til 21.2 17.9 20.5 3.2% 15.6% 0.0%
Norm

Ti2 20.7 16.7 213 0.0% 19.1% 3.1%
Norm

L1 25.4 21.0 246 3.3% 17.4% 0.0%
Norm

L2 22.0 2152 26.4 0.0% 3.2% 16.8%
Norm

L3 239 220 257 0.0% 8.0% 6.9%
Norm

L4 20.6 228 26.1 0.0% -10.6%
Crush (mild)

SD 1.0 1.0 1.0 5.0% 5.0% 5.0%

HOLOGIC®

Figure 5. Severe wedge fracture of the Th8 vertebra (the degree of deformation (%) marked in red circle) and mild crush fracture of
the L4 vertebra (the degree of deformation (%) marked in blue circle), based on the VFA examination.

be corrected manually. It is often difficult to assess vertebrae
above T7 [23] because of the projection of mediastinal struc-
tures on the vertebral bodies or the presence of calcifications
in pulmonary circulation vessels. In these situations, and in
the case of severe osteoarthritis and degenerative changes,
VFA shows lower sensitivity and specificity compared to ra-
diography [24]. The most important diagnostic pitfall in the
VFA examination is the possibility of a false-positive or false-
negative diagnosis of vertebral fracture due to the still limited
resolution of VFA images and the situations described above,
which impede the identification of the individual heights of
vertebral bodies.
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Important advantages of the VFA are quick assessment of ver-
tebral morphology within 2 sections of the spine, the low cost
of examination [25], and the ability to assess BMD in a sin-
gle visit using the same device. In addition, the compatibili-
ty in the detection of vertebral fractures between traditional
radiography and VFA encourages the use of VFA as a screen-
ing examination among patients with osteoporotic risk fac-
tors and for the prospective evaluation of treatment effective-
ness [26]. Therefore, despite the fact that radiography is still
the criterion standard for diagnosis of vertebral fractures [27],
the field for the use of VFA is growing. As Korean researchers
have shown [28], use of VFA as screening diagnostics of ver-
tebral fractures [29], followed by conventional radiography,
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was characterized by the highest efficiency, the lowest cost,
and the lowest radiation dose. However, the limitations of the
VFA method should be considered, and it is important for any
research center to validate the densitometer against conven-
tional radiography of the spine [30].

Visualization of Abdominal Aortic
Calcifications (AAC)

In addition to the standard VFA test, several models offer the
high-definition VFA (HD VFA) examination. In addition to bet-
ter resolution of images, HD VFA can be used to diagnose ab-
dominal aortic calcifications by the AAC-8 visual scale. In addi-
tion to traditional risk factors for cardiovascular diseases, the
presence of calcifications in the abdominal aorta can be as-
sociated with higher risk of myocardial infarction and stroke
[31]. Predicting cardiovascular events based on AAC was dem-
onstrated to benefit kidney transplant recipients [32]. Among
patients with end-stage chronic kidney disease treated with
peritoneal dialysis, the high AAC-8 calcification index is a strong
predictor of mortality from any cause [33].

Evaluation of Hip Structure Analysis (HSA)

Measurements of the HSA parameters are performed auto-

matically during the hip BMD examination. HSA involves the

analysis of a number of parameters within 3 additional zones:

1. Narrow neck area (NN) — passing through the femoral neck
at its narrowest point, perpendicular to the axis of the neck;

2. Intertrochanter area (IT) — connecting the smaller and the
larger trochanter and at the same time constituting the bi-
sector of the angle, formed by the axis of the neck and the
axis of the femoral shaft;

3. Femoral shaft area (FS).

In each of these areas, the device measures analogous pa-

rameters [34]:

1. Outer diameter (OD), expressed in cm, is measured on both
sides from the outer margins of the bone (from medial to
lateral or vice versa), with correction taking into account the
blur of the image;

2. Cross-sectional area (CSA), expressed in cm?, is the integral
of linear density (cm), obtained by dividing pixel values (de-
noting local mineral density, expressed in g/cm?) by the av-
erage mineral density of the cortical bone in the average
adult man (1053 g/cm?);

3. Center of mass;

4. Numerous derived parameters such as: centroid position,
cross-sectional moment of inertia (CSMI), section modulus
(SM), buckling ratio (BR), neck length (NL), and neck shaft
angle (NSA).
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The last 2 parameters affect the shoulder moments of bend-
ing forces in the proximal femur [35].

Studies showed the correlation between the change in the val-
ues of individual parameters of the femoral neck geometry and
the treatment, with significant changes observed primarily in
2 areas: NN and IT. In contrast, the FS area is least susceptible
to fractures, as well as to the effects of drugs; therefore, it is
often overlooked in studies [35]. Moving to the direct interac-
tion of individual drugs (eg, teriparatide) increases CSA and
SM and reduces BR. These changes are the largest in the NN
area, less expressed in IT, and practically imperceptible in the
FS. Therefore, teriparatide improves resistance to bending and
axial forces and increases cortical bone thickness and stability
of the neck and intertrochanter region. The effect of teripara-
tide on femoral geometry parameters is dose-dependent [36].

After 1 year of treatment, ibandronate used once a month in
men increased cortical bone thickness and CSA and reduced
BRin IT and FS. Interestingly, ibandronate did not significant-
ly affect geometric parameters in the NN area [37]. A study
comparing alendronate and risedronate used once a week in
women with postmenopausal osteoporosis demonstrated an
overall improvement in geometric parameters in each of the
3 main areas (NN, IT, FS), showing the advantage of alendro-
nate over risedronate [38]. Analysis of 3-year use of denosum-
ab among Japanese women with postmenopausal osteoporo-
sis resulted in a significant increase in cortical bone thickness,
CSA, CSMI, and SM and a decrease in BR in all 3 significant re-
gions relative to placebo [39]. Moreover, patients who started
receiving denosumab instead of placebo during the study had
significant improvement of femoral geometry.

It is worth noting that despite the relatively low dose of radi-
ation, measurements of femur geometry parameters are char-
acterized by similar accuracy in both the densitometry and CT
methods [40].

Diagnosis of Atypical Femur Fracture (AFF)

Atypical femur fractures are most often associated with long-
term treatment with bisphosphonates; they often occur bi-
laterally and cause leg and groin pain [41]. The diagnosis of
atypical femur fractures can be carried out during routine fol-
low-up bone density testing [42].

Modern densitometers offer 2 technologies for AFF testing.
The first is full-length femur imaging (FFI) using single-energy
X-ray absorptiometry (SE). This examination has a significant
advantage over the DXA technique because it guarantees an
image resolution similar to X-ray and is 5 times faster than
the DXA scan, lasting only 15 seconds, and covers the entire
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length of the shaft [43]. This is an important feature because
atypical femur fractures can occur in any femoral region distal
to the minor trochanter. The International Society of Clinical
Densitometry indicates that it is appropriate to consider an FFI
in patients with cumulative time of anti-resorptive therapy of
over 3 years [44]. Radiological symptoms suggesting the pos-
sibility of atypical femoral fracture are periosteal local thick-
enings and cortical bumps along the lateral cortex [44]. These
thickenings take the shape of a beak and are an expression of
local bone formation and repair in response to cortical structure
damage [45]. Another radiological symptom of atypical fem-
oral fracture is the transverse radiopaque line, known in the
literature as the “dreaded black line” [46]. Clinically, patients
with AFF most often report thigh or groin pain, and these ail-
ments precede the conversion to complete fracture by several
weeks or even several months. Due to the much worse results
of surgical treatment of atypical fractures [47], the diagnosis
of clinical and radiological symptoms heralding the fracture
may bring measurable benefits.

The second way to diagnose AFF is to extend the standard DXA
scan to the entire femur. According to van de Laarschot et al
[48], the positive predictive value of AFF diagnostics with DXA
is 83.3%. Also, Ahlman et al [49] confirmed, despite the limi-
tations described above, the usefulness of DXA for the diag-
nosis of AFF.

Evaluation of Finite Element Analysis (FEA)

A useful method of assessing bone strength and predicting
fractures is finite element analysis (FEA). FEA is mathematical
method describing reaction of bone structure to stress asso-
ciated with loading. Several models to assess bone strength
using FEA have been developed, for example:

1. The two-dimensional model of the assessment of femoral
strength parameters was proposed by Naylor et al in 2013
[50]. An introduction to performing the FEA is conducting a
standard hip DXA [51]. Then, based on the obtained image,
the software divides the femur into segments and subseg-
ments, up to individual pixels. Considering measurements
of areal bone mineral density (aBMD) [52] in relation to fe-
mur length and width, the special customized software com-
putes the thickness of femoral neck and creates a model of
volumetric bone mineral density (vBMD) [53]. Using vBMD
and appropriate formulas developed by Morgan et al [54],
material properties are calculated. Based on these param-
eters and the Huber-von Misess failure criteria, stresses of
individual segments up to pixels are calculated [55]. A map
of stress distribution and stress characteristics for individ-
ual pixels is created. The stress ratio is the result of the von
Misess stresses divided by the average value of compressive
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and tensile yield stresses. If the stress ratio in a given seg-
ment or group of segments is above 1, it means a high prob-
ability of damage as a result of the impact force [55]. Peak
impact force is calculated based on the patient’s height and
weight [56]. The point of application of force is the great-
er trochanter (according to the most common fall mecha-
nism). The product of the peak impact force and the maxi-
mum value of stress ratio (caused by the peak impact force)
indicates the femoral strength. If the impact force exceeds
the strength, a fracture occurs. Because the maximum im-
pact force is reduced by the protective effect of soft tis-
sues over the trochanter (reduction by up to 1775 N) [57],
a better parameter for assessing the likelihood of fracture
as a result of a fall is the load-to-strength ratio (LSR). Load
means the difference between the peak impact force and
the suppressive strength of soft tissues. An LSR value great-
er than 1.0 is an equivalent of a high fracture risk [55,57]
and, in combination with BMD, correlates better with this
risk than BMD alone. Therefore, femoral strength assess-
ment (and thus LSR) may be an additional useful prognos-
tic parameter in hip fracture risk assessment.

2.The FEA model of distal radius microstructure was creat-
ed using the quantitative computed tomography, in which
researchers have shown that the strains variability in the
FEA mesh depends on the aBMD, age, height, and body
weight [58].

3. The vertebral FEA model was created using a planar DXA
image of the lumbar spine. Based on the grayscale mesh
of the FEA and the mechanical properties of the vertebral
bone tissue (experimentally calculated using specimens of
porcine vertebrae), the authors introduced a new parame-
ter, strain index of bone, and demonstrated that the asso-
ciation of this parameter with BMD correlates better with
fracture risk in comparison to BMD alone [59].

Evaluation of FRAX

FRAX is a validated tool for the 10-year risk assessment of hip
fracture and major osteoporotic fractures (forearm, proximal
humerus, thoracic and lumbar vertebrae, hip) [60]. Modern
densitometers display a survey with questions necessary to
calculate FRAX. The software incorporates age, gender, height,
weight, and ethnicity from data routinely entered prior to start-
ing a hip DXA scan. The survey contains a series of questions
that the patient should answer in order to calculate the FRAX
value, such as: history of prior fractures in adult life (sponta-
neous or caused by low-energy trauma that does not result
in a fracture in healthy people), history of hip fractures in par-
ents, exposure to glucocorticoid therapy, diagnosis of rheu-
matoid arthritis, current smoking, and alcohol drinking. FRAX
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can be computed using BMI, without DXA examination and
using BMD, with the T-score of the femoral neck [60]. FRAX
is a strong, independent, additional risk factor for osteoporo-
sis, but intervention thresholds vary considerably depending
on the country and the guidelines of professional societies. It
is possible to adjust the FRAX result by another, independent
risk factor for osteoporosis, the trabecular bone score (TBS).

Definition and Importance of TBS

TBS is a parameter determining the microarchitecture of the
trabecular bone, based on the texture (shade of gray) of the
lumbar spine DXA image in the anterior-posterior projection
[61]. It takes values from 0.5 to 2.0, and a higher index value
is associated with less trabecular bone weaving damage and
fracture. A result above 1.35 is considered as normal, a result
lower than 1.20 indicates serious damage to the microstruc-
ture of the trabecular bone, and an intermediate result indi-
cates partial damage [62]. TBS is not a direct marker of mi-
croarchitecture, but it reflects the number of trabeculae and
their connections and divisions [63]. Knowing the TBS value, a
modified FRAX can be obtained using special algorithms [64].
Previous studies demonstrated that the use of anti-resorptive
treatment in postmenopausal women is associated with a sig-
nificant increase in BMD and TBS in comparison to untreated
patients [65]. An interesting application of TBS may be the as-
sessment of fracture risk among patients with advanced os-
teoarthritis of the spine because it was proved that in the L4
vertebra (where degenerative changes are most severe) BMD
measurement is significantly overstated in comparison to TBS
measurement [62].

Body Composition Assessment

Although the diagnostic standard for assessing muscle mass
remain computed tomography (CT) and magnetic resonance
imaging (MRI) [66], a very valuable diagnostic option is DXA
assessment of the body composition. The total body exam-
ination provides abundant information, such as calculations
of the BMC, BMD, lean mass, and fat mass for the total body
and in division into individual body regions (Figures 6, 7).
The T-score and Z-score parameters are also calculated for
the total body, but the T-score and Z-score for the entire skel-
eton cannot be used as the basis for the diagnosis of osteo-
porosis. The modern devices also calculate fat mass and total
mass in android and gynoid areas with the ratio of android
fat to gynoid fat (A/G), as well as mass, area, and volume of
the visceral adipose tissue (VAT). The A/G ratio is strongly and
positively correlated with glycated hemoglobin (HbA1c) and tri-
glycerides (TG) and inversely related to HDL-C level [67]. DXA
measurements of VAT are characterized by a sufficient level
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of precision [68] and are not inferior to CT and MRI examina-
tions [69,70]. Excessive amounts of VAT in comparison to sub-
cutaneous adipose tissue increases total mortality risk due to
all causes in men [71]. In addition, increased VAT is associat-
ed with worse lipid, glycemic, hematocrit, and kidney profiles
in the elderly [72].

Based on the assessment of the body fat mass, it was proven
that higher fat mass reduces the overall risk of death in elderly
women [73]. The total body examination can also be used to
assess fat redistribution in patients infected with HIV and re-
ceiving antiretroviral therapy [74], as well as in patients with
metabolic diseases [75] and anorexia [76]. It is a valuable tool
for assessing the effectiveness of bariatric procedures [77].
The ASMM index (ASMMI), defined as appendicular skeletal
muscle mass (ASMM, kg) per height squared (m?) [78] indi-
cates low muscle mass if its value is below 7.0 kg/m? for men
and below 6.0 kg/m? for women [79]. The result of ASMMI is
available directly on the printout of the DXA examination of
the body composition (Figure 7).

Evaluation of Periprosthetic DXA

DXA is the diagnostic standard in the assessment of peripros-
thetic BMD [80]. Current analysis approaches of periprosthet-
ic BMD rely on the creation of ROl and calculating an aver-
age BMD value within them based on a pixel map [81,82].
The bone density analysis around the prosthesis can be car-
ried out using 5 ROIs [83]. ROI subject to analysis should con-
tain periprosthetic metaphyseal and diaphyseal bone around
and away from the implant [84]. Validation of the current im-
age processing techniques allowed development of a high spa-
tial resolution tool for the assessment of periprosthetic BMD,
called DXA region-free analysis [81,85]. Evaluation of the re-
modeled bone tissue around the prosthesis can provide use-
ful information. The degree of BMD reduction in areas adja-
cent to the prosthesis can be used to estimate the likelihood
of prosthesis loosening and periprosthetic fractures [86]. Distal
femur BMD is about 10% lower in the leg after total knee ar-
throplasty and can be associated with increased periprosthet-
ic fracture risk [87]. DXA is appropriate even for periprosthetic
BMD measurement around the proximal component of total
wrist arthroplasties [88].

Other Functions

Due to the low dose of radiation, DXA is also increasingly used
in children; for example, to assess body fat [89]. Lumbar spine
DXA examinations for infants and young children 0-5 years of
age as well as total body DXA measurements for children >3
years of age have been approved by ISCD as being feasible
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Summary of the DXA results:

ROI Area BMC BMD T- PR Z- AM
(cm2) (g) (g/em2) score (%)  score (%)

Larm  199.60 112.62 0.564

Rarm 22045 12525 0.568

L ribs 64.86 29.02 0.447

R ribs 54.05 2631 0487

T vertebr. 111.19 68.41 0.615

L vertebr. 61.77 48.49 0.785

Pelvis 123.16 10431 0.847

Lleg  279.13 246.14 0.882

Rleg 29071 26544 0913

k=1.169, d0=543 Sum 140491 102598 0.730

318x150 . Head 216.59 368.51 1.701

DAP:19.2 cGy*cm Sum 162150 1394.49 0.860 -3.3 78 1.0 90

L

CVBMD catk. 1.0%, AC=1.042, B(F=1.013

BMD
o =
oo o

[
=
T-score

0.47 7

0.2 —— T
20 25 30 35 40 45 50 55 60 65 70 75 80 85
Age

T-score vs White Female. Source 2012: BMDSC/NHANES. Z-score vs White Female. HOLOGIC®
Source: 2012: BMDSC/NHANES.

Figure 6. Result of the body composition assessment - skeletal system. ROIs are defined by lines 1-7. The line number 1 separating
the head should pass directly below the chin. The line number 2 separating the spine from the chest should pass as close to
the spine as possible. The line number 3 separating the upper limbs from the body should pass through the shoulder joints
as close to the body as possible. A perpendicular line inside the area defined by line number 2 should separate the thoracic
spine from the lumbar spine. The line number 4 separating the pelvis from the trunk should pass over the upper edge of
the iliac crests. The line number 5 separating the pelvis from the lower limbs should cross the femoral necks. Line number 6
should cut the airspace between the upper and lower limbs and line number 7 the airspace between the lower limbs.
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60
v
B S
= N
Classification of the body mass index according to the WHO
MBI=25.9 WHO Classification Overweight
Underweight ~ Norm  Overweight Obesity 1 Obesity 2 Obesity 3
h 4
10 15 20 25 30 35 40 45
Fat Mean Bone
Results — body composition Fat indices
ROI Fat Mean + Sum Fat %% Fat (%) Measurement Result Percentile
& BMC(g) (8) ™ AM TN
L arm 2698 7693 57.5 98 94 % of total body fat 74 37
Rarm 3132 2223 5354 58.5 98 95 Fat mass/height (kg/m2) 104 63 38
Trunk 10337 18888 29224 354 61 19 % Android fat / % Gynoid fat 0.98
Lleg 4240 5399 9639 44.0 65 37 Trunk % fat / Legs % fat 0.81 S 31
Rleg 4290 5702 9991 429 57 29
Sum 24696 34206 58902 419 74 37 Est. VAT Mass (g)
Head 1171 3245 4416 26.5 Est. VAT Volume (cm?)
Su 25868 37451 63318 40.9 74 37 Est, VAT Area (cm?) /
Android ()Y 2052 2808 4860 422
pGynoid (G) /3851 5131 8982 429 Lean indices
Measurement Result Percentile
TN AM
Lean/Height® (kg/m?) 37 41
Appen. Lean/Height* (kg/m?) 26 42
Est. VAT=Estimated Visceral Adipose Tissue
HOLOGIC®
TBAR1209-NHANES BCA calibration

Figure 7. Result of the body composition assessment — soft tissues. The table on the left shows (parameters from the left, marked
in the black circle, respectively): the mass of adipose tissue, the sum of the mass of other soft tissues and bone tissue, the
total mass, and the percentage of fat tissue in individual ROlIs, including the android and gynoid region (A and G in red
circle, respectively). In the tables on the right are presented, among others: percentage of total body fat mass (blue circle),
parameters of visceral adipose tissue (green circle), and parameters useful in the assessment of loss of muscle mass (purple
circle).
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and reproducible [84]. Based on DXA scans, it was proved that
the BMD of premature newborns is lower compared to chil-
dren born at term. Furthermore, the acceleration of bone min-
eralization in premature newborns allows achieving BMD val-
ues typical of term newborns after 6 months [90]. Based on
the assessment of vitamin D serum concentration in pregnant
women and neonatal BMD measurements, it was demonstrat-
ed that 25-hydroxyvitamin D deficiency in pregnancy results
in reduced BMD and lower birth weight of newborns [91].
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Conclusions

The basic and most important application of the DXA tech-
nique is the assessment of BMD with the calculation of the
T-score, which is the only validated method of diagnosing os-
teoporosis. The constantly growing importance of DXA ex-
aminations and the development of new applications of this
technique are associated with the increasing percentage of
osteoporotic elderly people, the low radiation dose, and the
possibility of performing additional DXA measurements with
the assessment of BMD.
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