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Abstract

Body composition measurements from DXA have been available since DXA technology was
developed 30 years ago, but are historically underutilized. Recently, there have been rapid
developments in body composition assessment including the analysis and publication of
representative data for the US, official usage guidance from the International Society for Clinical
Densitometry, and development of regional body composition measures with clinical utility. DXA
body composition is much more than whole body percent fat. In this paper celebrating 30 years of
DXA for body composition, we will review the principles of DXA soft tissue analysis, practical
clinical and research applications, and what to look for in the future.
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Why use DXA to measure body composition?

DXA is a special imaging modality that is not typically available on general use x-ray
systems because of the need for special beam filtering and near-perfect spatial registration of
the two attenuations. The whole body can be scanned to measure whole body bone mass and
soft tissue composition (1, 2). DXA is the preferred method for bone and body composition
for several reasons. First, there are few assumptions required for DXA composition
measurements. The two X-ray attenuations passing through the body can be used to
accurately calculate the mass of two different materials given simple algebra and the
physical properties of those materials (3). There were details to work out, such as how to
quantify the soft tissue mass in a divergent fan-beam geometry (4), but the fundamental
nature of DXA gives it the promise of accuracy over a wide range of body sizes and body
types. Second, DXA can measure regional body composition by subdividing the body using
specific well-defined cut lines. Third, DXA is precise and stable for years. Using phantoms,
it is straightforward to verify measurement stability of better than 0.5% change in body
composition accuracy over decades of operation for a single DXA system.
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DXA does expose the patient and operator to ionizing radiation but the dose is very small to
both. The effective radiation dose from a single whole body DXA (< 10 microSieverts) is
similar to the normal background radiation received over one day at sea level. However,
most states in the US and other countries require some sort of licensing of the technologist
and a designated X-ray site supervisor.

One of the early papers on body composition and DXA was Mazess et al. (5). See Figure 1.
Mazess showed that DXA was accurate to reference materials of lard and water representing
fat and lean tissues. The system in that study was a Lunar DPX that created images with 5 x
10 mm pixel dimensions and took 10 to 20 minutes for a whole-body scan depending on
subject size. The active scan area of the table was 60 cm x 200 cm, the system could
accurately penetrate 25 to 30 cm body thickness, and the table was rated to support up to
250 Ibs. The DPX could measure total body BMD with a precision of better than 1%. In a
demonstration of system stability, one skeleton was measured on 37 systems and the
coefficient of variation (intrascanner) was 0.96%. The body was subdivided by cut lines into
arms, legs, trunk and head, and fat, lean soft tissue, and bone mass composition were
reported for each subregion. If all of this was true 30 years ago, what has changed in DXA
performance and capabilities regarding body composition over the last few decades? We will
examine this question from various different perspectives that surround body composition:
metabolic conditions, musculoskeletal health, sports and fitness, and disease-specific
indications.

Body Size

DXA systems are used to quantify body composition from the smallest to largest humans.
Infants as small as 1 kg are routinely scanned for studies of bone and soft tissue. This has
been an active area of research for DXA including regions of interest development and
studies on the precision and accuracy of infant scanning (6). A recent review of infant DXA
body composition was completed in 2014 (7).

Large individuals pose two challenges for DXA scanning: The length, width, and rated load
capacity may all be exceeded. Table dimensions were set to the maximum size that allowed
the system to fit in a small 8" x 8" room knowing that some patients would be too tall or
wide to fit completely on the table. These design decisions were made in observation of the
primary market for DXA systems: bone density measurements of the spine and hip, where it
is not necessary to fit the entire body on the table. Steadily over the years, the systems were
improved to support higher weights with current specifications for widely used systems
being 500 Ibs. For body composition assessment, it is desirable to scan the entire body.
Instead of increasing the tabletop width and height, which would make the unit more
expensive for the primary osteoporosis market, clever vertical and horizontal offset scanning
techniques were devised with matching analysis techniques to piece together complete
whole body scans from partial scans. For very wide participants, the participant was offset
horizontally such that in one scan, all of the body can be estimated even though one of the
arms, legs, or both were not acquired. This scanning method is called offset scanning in
general, reflection mode on Hologic systems, and mirror mode on GE systems. Rothney et
al. (8) showed that the resulting scan from mirrored scanning agreed well with no significant
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difference in whole body results when compared to standard scans. Shepherd et al. (6) also
showed the reflection method can be used for infant scans to exclude regions with motion
artifacts. For patients too tall to fit in the scan field, two scans can be acquired: one where
the feet are included at the expense of including the head, and a second partial scan down
through the torso that includes the head. Then the head values would be manually
substituted for the measures from the first scan (9). Only recently did a DXA system come
to the market specifically designed for body composition. The Norland Elite can scan
individuals up to 283.5 kg (625 Ib), 137 cm (54”) wide and 228 cm (776”) tall. Figure 2
summarizes the differences in table widths, lengths, and weight limits. Thus, the overall
flexibility to complete DXA body composition assessments on subjects of all different
heights, widths, and weights has substantially improved in the past 30 years.

Reference Data

Until 2009, reference data for DXA body composition had been proprietary and specific to
each make system. However, in 2009, the National Health and Nutrition Examination
Survey (NHANES) published representative data for the US population (10). Both Hologic
and GE systems have the NHANES data integrated into their software to generate Z-scores
for various adiposity and lean mass measures (11, 12). Localized Z-scores for arms, legs,
and trunk have also been reported using the NHANES data (13). The Official Position of the
International Society for Clinical Densitometry (ISCD) (14) states that Z-scores for body
composition should be derived using the NHANES DXA data (15). There have also been
similar studies to NHANES for representative DXA data in other countries such as the
KNHANES (16). However, these representative datasets do not necessarily represent
optimal health or fitness. Some attempts have been made to characterize body composition
characteristics by sport (17), but how generally these are applicable to different age groups
and level of competition is uncertain. Reference data can be collected on one make of DXA
and applied to another using universal standardization equations (18).

Indices and special subcompartments

There are many ways to represent body composition but a popular approach in recent years
has been the use of indices normalized by height. For example, fat mass index is defined as
the total DXA fat mass normalized by height squared (FMI = Fat mass / Height?). FMI has a
distinct advantage over BMI for defining obesity status since it is independent of lean mass
status. Kelly et al. (11) suggested sex-specific cutpoints for normal, excess fat, obesity I,
obesity I, and obesity I11. DXA system also report estimates for visceral adipose tissue
(\VAT) for either Hologic (19) or GE systems (20). DXA VAT has a similar relationship to
other biomarkers of metabolic health as does VAT measured by computed tomography (CT).
Lean mass indices have received significant attention in the past few years as metrics to
define sarcopenia. We will discuss lean mass indices, including appendicular lean mass
index (ALMI = [arms + legs lean mass] / Height?) in the next section.
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Phenotype Descriptors

Another advancement that has happened over the past 30 years is the development of
phenotypical descriptors for different disease states. Examples include normal status,
sarcopenic, sarcopenic obese, osteosarcopenic, and ostesarcopenic obese. After age 50,
muscle mass decreases 1-2% annually, and those with sarcopenia are at 3 times greater risk
of falls than their peers after adjustment for other risk factors (21). In the New Mexico
Study, prevalence of sarcopenia was 12% for persons 60 to 70 years of age and nearly 30%
for persons over 80 years (22, 23). Drey et al. (24) showed that women with osteosarcopenia
had the lowest grip strength, low chair rise, low sit-to-stand (STS) power compared to
osteopenic, sarcopenic, and control women. llich et al. (25) added to this story by showing
that a similar loss of function is observed in postmenopausal obese women as they have a
combination of poor bone, muscle, and fat status. Weber et al. (26) suggested that ALMI
may need to be adjusted by FMI since they found that virtually no individuals in the
NHANES sample were sarcopenic if their FMI Z-score was over +2. Prado et al. suggested a
working definition of sarcopenic obesity as being in the top 50th percentile of both ALMI
and FMI in the top 50th percentile by age and sex (27). This definition requires age and sex
reference values for ALMI and FMI from a large representative population. Prado et al. used
the 1999-2004 NHANES DXA dataset made up of 16,383 men and women of mixed
ethnicity. Using this definition, it was found that 10% of the women and 15% of the men
were classified as sarcopenic obese. However, much controversy exists on how best to
represent sarcopenia (28). The reason for the controversy is that muscle mass measures
alone often do not predict functional strength and health in older adults. For example
Newman et al. (29) showed that strength, but not muscle mass, predicted mortality in older
men and women. Bischoff-Ferrari et al. (30) compared nine different definitions of
sarcopenia varying by threshold values for appendicular lean mass index (ALMI) combined
with different strength measures. She showed that the simple definition by Baumgartner for
sarcopenia of ALMI < 7.26 kg/m? (men) and 5.45 kg/m? (women) gave the best prevalence
and probability of falls in a prospective study of community dwelling men and women. But
these thresholds might not be appropriate for obese individuals.

DXA and fitness and sports

Much of the advancement in the use of DXA for sports and fitness has been application of
the technology that has been available for years. Yet, there is a unique place for DXA in
evaluating the success of sports, diet, and fitness interventions because of its unique ability
to simultaneously measure bone, lean, and fat mass status. In athletes, Relative Energy
Deficiency in Sport (RED-S) is a condition that impacts bone health due to overtraining and
poor nutrition (31). It can be seen in both men and women but in women it may be
associated with amenorrhea where it is called the Female Athlete Triad. In 1997, the
American college of sports medicine (ACSM) released the Female Athlete Triad Position
Stand where they outlined the components of the Female Triad: Eating disorder,
amenorrhea, and low bone mass (32). A reasonable DXA protocol for young athletes
includes hip, spine, and total body assessment for osteopenia, low fat, and low muscle mass
evaluation. DXA can also be used to evaluate recovery from injury and performance by
looking at the differences between left and right limbs. Examples include the effects of lean
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mass symmetry on performance of skiers with ACL injuries (33) and Australian football
kickers (34).

Challenges that still exists in the field

The accuracy of DXA to show equivalence to actual muscle and fat is difficult to perform in
the field. The way to validate absolute calibration is to image whole or sectioned cadavers
and then perform chemical analysis to definitively quantify composition. Accuracy
validations have been performed over the years using fetal pigs and still-born infants (35,
36), adult cadavers (37), and lamb carcasses (38, 39). Overall, the agreement of DXA-
measured mass with scale weight is typically within 1%. Agreement between DXA and
whole-body CT fat mass has been found to be very high as well with correlations of 0.99 but
with DXA underestimating whole body fat mass by as much as 5 kg on average (40).
However, there is still a lack of reference phantoms that can be used in the field that assure
absolute calibration.

Future Directions

To date, DXA measures have been defined as cumulative or average values for large regions
of interests such as arms, legs, and trunk. An alternative approach is to study the variations
of fat, lean, and bone mass using shape and appearance modeling (41). There is growing
evidence that body shape and body composition distribution are strong indicators of
metabolic health. Shape and appearance models are statistical models that accurately
describe holistic body shape, thickness, and leanness. These models allow for spatial
registration to remove shape and pose variation across subject images such that each pixel in
a DXA image is precisely aligned across a population. Afterwards, these models can be used
to visualize images of risk-based phenotypes. Figure 3 shows an example visualization of
metabolic syndrome risk (41). Models derived exclusively from DXA body shape were able
to predict 6-year mortality in an older multi-ethnic population of men and women with an
AUC=0.66 (41).

In summary, DXA is a mature technology for measuring body composition and there have
been major advances in the technology over the past 30 years. However, it is not a static
method. New and novel approaches to the interpretation of DXA body composition keep
DXA at the forefront of applications ranging from infants to the morbidly obese, and
athletes to the elderly.
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Figure 1.
(left) Screenshot from a Lunar DPX pencil beam system circa 1990. (from (5)). (right)

Screenshot from Hologic Horizon circa 2016 (courtesy of J. Shepherd).
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Figure 2.
Comparisons of table scan areas of three current DXA systems (LEFT). Comparison of table

weight limits across makes and models (RIGHT).
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Figure 3.
Examples of UCSF algorithms to separate DXA images into bone, fat, and lean tissues (left).

These images are used to construct statistical appearance models (SAM) that compactly
describe tissue variance across individuals (middle). We have used SAMs to identify tissue
shape and distribution phenotypes that are associated with adverse metabolic outcomes

(right).
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