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Dual-energy x-ray absorptiometry (DEXA) has been reported
to be a valuable means of bone mineral measurement of the
lumbar spine and hip. In order to determine whether DEXA
could be as useful for bone mineral analysis of the forearm,
we compared its accuracy, precision and measurement per-
formance to single-photon absorptiometry (SPA). There was
high correlation between these techniques for integral bone
mineral density in standard aluminum tubes (r = 0.99) and 30
adult volunteers or patients with osteoporosis (r = 0.95). The
mean short-term precision of DEXA was 0.9% in vitro and
about 1.5% in vivo. DEXA produced excellent bone images
which enhance long-term in vivo precision. The measurement
performance of both instruments was largely unaffected by
localized fat deposits or increases in forearm thickness or
proportion of fat subcutaneously. We conclude that DEXA is
a clinically useful alternative to SPA for forearm bone mineral
assessment.
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Noninvasive bone mineral measurement has been en-
hanced by recently developed techniques, notably dual-
energy x-ray absorptiometry (DEXA) and quantitative
computed tomography (QCT). These methods have
emerged as attractive alternatives to dual-photon absorp-
tiometry (DPA) for the lumbar spine and hip, due to some
or all of the following factors: improved precision, shorter
scanning time and comparable accuracy (/-10). The cost
effective nature of DEXA has further increased the poten-
tial of this method for routine clinical practice (5,6,8). By
comparison, QCT is currently employed in only a few
dedicated laboratories and its widespread application ap-
pears limited (/7).

Single-photon absorptiometry (SPA) has been widely
used to measure forearm bone mineral. This technique
enjoys considerable appeal in community screening pro-
grams as it is simple to operate, but still predicts osteopo-
rotic fracture risk (/2-14). However, in long-term studies,

Received Apr. 3, 1991; revision accepted Jun. 20, 1991.
For reprints contact: Heinz W. Wahner, MD, Mayo Clinic, 200 First St, SW,
Rochester, MN 55905.

Radius Dual-Energy X-ray Absorptiometry * Larcos and Wahner

reliance on external landmarks contributes to inexact re-
positioning and potentially misleading results (/5). Fur-
ther, economic constraints are imposed by the requirement
for periodic radioisotope source replacement (6). Thus,
there is a need for a competitive and economically viable
means of appendicular bone mineral assessment. Prelimi-
nary reports using DEXA for the radius have been prom-
ising (16-18), but further analysis of measurement per-
formance under conditions encountered in clinical prac-
tice would be appropriate.

The purpose of this study was to compare a commercial
DEXA device with forearm software program (QDR-1000
Hologic Inc., Waltham, MA) with a radioisotope SPA
instrument constructed locally according to the principles
of Cameron and Sorenson for bone mass determination
(19). The variables investigated included accuracy and
precision in aluminum tubes, cadaveric bone and patients,
as well as potential limitations imposed by arm thickness,
soft tissue compositions, marrow fat and localized extraos-
seous fat deposits.

PATIENTS AND METHODS

Instruments

The instruments used in this study have been previously
described in detail (1,5-8,19,20). Briefly the SPA device has a
collimated '*I source (7.4 GBq) generating a monoenergetic
photon beam of 27.5 keV. The source is mounted opposite to a
collimated sodium iodide (T1) scintillation detector with the two
components rigidly coupled in a vertical C frame. The patient’s
forearm is positioned between the source and detector with the
arm placed prone on a template and the hand restrained by a
locating pin placed between the fingers. The source and detector
assembly are motor driven so as to traverse the longitudinal axis
of the radius in increments of 1 mm/sec. The forearm is sur-
rounded by a rubber bag filled with water and held in position
by a plastic plate under moderate pressure. Five 1-mm passes are
made through the ultradistal radius, taking approximately 15
min. During the study, measurement of the photon beam atten-
uation through bone and soft tissue is made.

The DEXA instrument also scans in a rectilinear fashion. The
subject’s nondominant forearm is placed palm down on the
scanning table and is imaged in air. A foam block is placed
alongside the forearm in order to align the limb with the long-
axis of the table and to prevent rotation. Separate low- and high-
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energy (70 and 140 kVp, respectively) transmitted photon inten-
sity values are recorded on a pixel by pixel basis. Internal calibra-
tion is provided by a rotating disc composed of known standards.
The x-ray tube source generates a significantly greater photon
flux than the '*I source, thereby allowing improved collimation
and resolution. The distal third of the forearm can be scanned
within 5 min. Subsequently, a bone mineral image of the radius
and ulna is generated. A region of interest (ROI) is then placed
over the desired area. A variety of measuring sites may be selected
after the scan has been performed, whereas with SPA the ROI
must be selected prospectively.

Both methods determine integral bone mineral. With DEXA,
data are expressed as grams of ashed bone equivalent in the ROI
[bone mineral content” (BMC)] or “areal” bone mineral density
(BMD) in g/cm? Data from the SPA device are schematically
depicted as counting rates across the forearm, with bone mineral
determined from the area under baseline counts. BMC is ex-
pressed as gram of bone ash equivalent per unit of axial bone
length or may be normalized for bone size by dividing by the
diameter of bone at the scanning site (normalized BMC, g/cm?)
(Table 1 and Figure 1).

A series of experiments were conducted in order to determine
the: (1) accuracy and precision of DEXA bone mineral measure-
ments in vivo and in vitro, and (2) potential error introduced
into these calculations by certain clinical variables (Table 2).

Accuracy

Both instruments measured: (1) four standard hollow alumi-
num tubes (outer diameter = 1.56 cm; wall thickness range: 0.05-
0.23 cm; BMD range: 0.302-0.844 g/cm?) submerged in water
and (2) the nondominant forearm of adults with proven or
suspected osteoporosis (n = 20) or normal volunteers (n = 10).
The accuracy of DEXA was subsequently expressed in terms of
its correlation with the SPA instrument, which has previously
been found to reliably predict the ash weight and bone mineral
content of a dried defatted human radius (20) and standard
aluminum tubes, respectively (15). For studies in human subjects
a site at the ultradistal radius was selected according to the
following scheme: a skin mark representing 10% of the length of

k =1.415 d8 =

148.8(1.888) (4]
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FIGURE 1. Forearm bone mineral analysis by SPA (left). Log-
arithm of count rate of five scans 1 mm apart plotted by analog
recorder. The area under baseline is proportional to BMC. A
marker (x) on the curve indicates the position of the edge cor-
rected baseline. Results of a typical scan are shown at bottom
left. DEXA printout (right) shows an image of the distal radius
and ulna; the ROI in the former is indicated by UD (lines 43-48).
The other regions are not used in this study. K and DO are
calibration factors of the instrument.

the ulna from the styloid process was made on the radial side of
the forearm, with a correction for skin fold thickness. The SPA
device measured 5-mm centered about this mark; with DEXA,
the ulna styloid process was identified on the bone image and the
radius ROI was adjusted according to the above formula. This
region was selected for convenience and was dissimilar to previ-
ously described ultradistal sites (21,22). Two scans were made
with DEXA (for short-term precision in vivo) and one with SPA
(for accuracy). Patients were allowed to move between studies,
but were then meticulously repositioned. All subjects signed
informed consent forms and the protocol was approved by the
Institutional Review Board.

TABLE 1 TABLE 2
Comparison of Features of SPA and DEXA (QD = 1000) Summary of Experimental Design
Devices Variable Experiment
Feature SPA DEXA " "
1. Accuracy Aluminum tubes and human subjects*
Method Transmission scan Transmission scan (both methods).
Source 125 x-ray 2. Short-term precision Aluminum tube (both), cadaveric ra-
Energy 27 keV 70,140 kVp dius and human subjects (DEXA).
Source collimator (mm) 2 2 3. Long-term precision Spine phantom (DEXA), aluminum
Detector collimator (mm) 3 none tube (SPA).
Scan speed (mm/s) 1,2 60 4. Forearm thickness Cadaveric radius (DEXA) or aluminum
Line increment (mm) 1 1 tube (SPA) in varying levels of
Scanning time (min) 15 5 water.
Processing time (min) * 5 5. Fat content in forearm  Cadaveric radius (DEXA) or aluminum
Table detector distance 19 40 soft tissue tube (SPA) in varying water/oil mix-
(cm) ture.
Daily calibration Aluminum tubes  Phantom 6. Marrow fat Hollow aluminum tubes with and with-
Units of measurement BMC (g/cm), BMC (9) out lard (both).
Normalized BMC  BMD (g/cm?) 7. Fat deposits around Cadaveric radius surrounded by vary-
(g/cm?) distal radius ing layers of porcine skin (both).
* Processed while scanning. * Accuracy of SPA previously published (refs. 75,20).
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Precision

Short-term precision was assessed by scanning: (1) a cadaveric
radius (DEXA), (2) an aluminum tube (both) and (3) human
subjects (DEXA). The cadaveric bone and aluminum tube were
each immersed in 6 cm of water, with precision determined by
performing six scans of each object over an 1-hr period. Subtle
bone rotation was prevented by wedging the proximal aspect of
the radius between two small plastic columns located at the base
of the water tank. Precision in patients was derived from duplicate
scans of the non-dominant ultradistal radius (see above). The
coefficient of variation (CV) was determined by division of the
standard deviation by the mean. The long-term (80 day) in-vitro
precision of these instruments was evaluated from results of daily
or second daily measurements of a spine phantom (DEXA) and
aluminum tube (SPA), respectively.

Forearm Thickness

The influence of forearm thickness on bone mineral measure-
ment with DEXA was simulated by scanning a cadaveric radius
in varying levels of water from 3 to 7 cm. The performance of
the SPA device was similarly assessed by using an aluminum tube
in 3-9 cm of water. All measurements were normalized to an
average forearm thickness of 3 cm for DEXA and 5 cm for SPA
(the latter taking into account the extra dimensions of the water
filled bag). For each method, three scans were acquired at each
level of water, with results subsequently expressed according to
the mean.

Forearm Soft-Tissue Composition

The effect on bone mineral measurement of changing levels of
fat in the bone surrounding medium was examined by scanning
a cadaveric radius (DEXA) or an aluminum tube (SPA) in a
variable mixture of water and vegetable oil (simulating fat). The
vegetable oil was added uniformly to the water surrounding the
scanned object. The combination of the 2 components was
subsequently varied by progressively increasing the vegetable oil
by 1 cm, with a corresponding decrease in water. Thus, the level
of “bone” surrounding medium remained constant (SPA = 7 cm,
DEXA = 5 cm). For each instrument, the mean of three scans
was determined for each different soft-tissue composition.

Intra- and Extraosseous Fat

The effect of intraosseous (marrow) fat on bone mineral meas-
urement acquired with SPA and DEXA was assessed by scanning
three standard hollow aluminum tubes of different wall thickness
in water. These were subsequently rescanned after the lumen of
the tube was filled with lard (Armour Food Co., Omaha, NE)
(thus simulating intraosseous fat). The effect on instrument per-
formance of small deposits of fat located over the distal radius
was evaluated by placing one and two layers of porcine skin (each
3 mm thick) circumferentially around a cadaveric radius. Meas-
urements were obtained with both methods at baseline (0 mm
thick), 3 and 6 mm.

RESULTS

Bone mineral measurements with DEXA correlated
highly with SPA acquired values in vitro (r = 0.99) and in
vivo (BMD: r = 0.95; BMC: r = 0.99). The results of
DEXA showed a linear response over the measurement
range (Figs. 2 and 3).

The short-term precision of SPA and DEXA in an
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aluminum tube were 0.4% and 0.9%, respectively. In
cadaveric bone, the precision of DEXA was equivalent to
1.2%. In human subjects, the mean CV of DEXA was
1.7% (range: 0.2%-4.6%) in volunteers and 1.5% (range:
0.2%-3.3%) in osteoporotic patients respectively
(Table 3).

The long-term (80 day) in-vitro precision of both SPA
and DEXA showed an effective slope of 0, indicating no
change in measurement performance over this time
(Fig. 4).

For DEXA, increases in absorber thickness of 2-4 cm
over a baseline forearm thickness of 3 cm (imitated by
water) produced corresponding changes in measured BMD
of 1.3%-2.3%, respectively. For SPA, similar increments
in absorber thickness over baseline (5 cm) produced de-
creases in calculated BMD of 1.5%-2.5%, respectively
(Fig. 5).

Bone mineral measurement with both DEXA and SPA
were insensitive to large increases in the proportion of
“fat” (vegetable oil) in bone surrounding soft tissue. In a
“S5-cm forearm,” the calculated BMD with DEXA was
inaccurate only when the level of fat was = 4 cm. Signifi-
cant inaccuracy in SPA measurements of a “7 cm forearm”
were encountered only when the level of fat was = 6 cm
(Fig. 6).

Little change was noted with either instrument when
porcine skin was placed circumferentially around the distal

SPA (g/cm?)

0 | 1 1 1 1 J 0 1 1 1 1 J
0 0' 02 03 04 0S5 06 07 0 02 04 0e 08 10

DEXA (g/cm?) DEXA (g)

FIGURE 3. Areal BMD (A) or BMC (B) of 30 human subjects
with DEXA and plotted against diameter normalized BMC (A) or
BMC (B) with SPA. Correlation coefficient, r = 0.95 (A) and 0.99
(B), respectively.
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TABLE 3
Short-term Precision of SPA and DEXA

SPA DEXA
Aluminum tube 0.467 + 0.002 (0.4%) 0.435 + 0.004 (0.9%)
Cadaveric bone ND 0.347 + 0.004 (1.2%)
Normal volunteers (1%-2%)* (1.7)
Patients ND (1.5)

Results indicate mean BMD + s.d. Values in parentheses indicate
coefficient of variation.

ND = Not done.

* Previously published (ref. 24).

radius; with a 6-mm thick layer, the measured BMD was
0.3% and 0.8% above baseline value for DEXA and SPA,
respectively (Fig. 7). However, when several standard alu-
minum tubes were packed with fat (lard), the calculated
BMD was falsely reduced with both instruments. The
degree of change was exaggerated at lower bone mineral
values (13.9% and 10.1% for SPA and DEXA, respec-
tively); the underestimation at higher bone mineral values
was proportionately less (5.2% and 3.9% for SPA and
DEXA, respectively) (Fig. 8).

DISCUSSION

Our study indicates that DEXA is a precise technique
with comparable accuracy to SPA in vivo and in vitro.
Further, bone mineral measurement is relatively insensi-
tive to potential limitations introduced by changes in
forearm thickness, soft-tissue composition and small de-
posits of fat over the distal radius. Current DEXA forearm
software and bone images impart several advantages over
SPA including: (1) ROI selection based on anatomical
rather than surface landmarks; (2) the ability to retrospec-
tively analyze alternate regions should this become neces-
sary; and (3) recognition of unsuspected bone lesions
which would otherwise contribute to inaccurate results.
Thus, DEXA can be used in clinical practice to determine
forearm BMD and is a suitable alternative to SPA.

SPA was first described in 1963 by Cameron and Sor-
enson (/9) and forms the basis of most commercially
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FIGURE 4. The long-term in vitro precision of SPA (A) and

DEXA (B) indicated an effective slope of 0.
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FIGURE 5. Compared to a normalized forearm thickness of 3
cm, increases of 1, 2, 3 and 4 cm over baseline produced
increases 0%, 1.3%, 2.1%, and 2.3%, respectively, in bone
mineral density (DEXA). For a normalized value of 5 cm for SPA,
measurements at 7 cm and 9 cm created an underestimation of
BMD of 1.5% and 2.5%, respectively.

available devices. These instruments are relatively inex-
pensive to purchase, simple to operate and widely used in
research applications. Appendicular bone measurement
with SPA has also been used to predict skeletal fracture
risk (12-14). The accuracy of SPA was initially reported
as 4%-11%, however, technical modifications have led to
improved results (23). The SPA device used in our exper-
iments has been repeatedly found to predict to within 3%
the bone mineral content of excised bone samples and
precision engineered aluminum tubes (20). In our study,
the correlation of DEXA with SPA was excellent in vitro
(r = 0.99) and in vivo (BMD: r = 0.95; BMC: r = 0.99).
These results were achieved over a wide range of values,
indicating that DEXA is a technically suitable alternative
for forearm bone mineral measurement. Further, in con-
trast to a previous report in which DEXA BMD values of
the lumbar spine were about 10% less than achieved with
DPA (1), no such discrepancy with SPA was noted in the
current study. BMC values were also highly correlated.
The greater difference between SPA and DEXA values in
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FIGURE 6. SPA (A) and DEXA (B) devices were insensitive to
large increases in the proportion of fat in bone surrounding
medium. However, bone mineral values were significantly over-
estimated when the fat level exceeded 6 cm in a 7 cm thick
“forearm” (SPA) and 4 cm in a 5 cm “forearm” (DEXA).
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FIGURE 7. lliustration indicating the effect on measured BMD

of small localized deposits of porcine skin over the distal aspect
of a cadaveric radius. A 6-mm thick layer of porcine fat produced
no significant change in calculated BMD with either instrument.

patients (Fig. 3B) when compared to aluminum tubes (Fig.
2) is probably due to differences in the edge detection
algorithm and calibration. Conversion of BMD and BMC
data from SPA to DEXA will introduce an error and
should be avoided in longitudinal studies.

In our study, the short-term precision of DEXA in
aluminum tubes and cadaveric bone were 0.9% and 1.2%,
respectively. Results in human subjects were similar, with
a mean of 1.5% and 1.7% in patients and volunteers,
respectively. The SPA instrument used in our series was
also precise in aluminum tubes (0.4%). Early studies of
SPA from our institution reported a short-term in-vivo
precision of 3%-4% for this instrument (20). However,
the recent employment of multiple scanning paths has
increased precision to 1%-2% in humans (24). Results
from another group have also indicated a short-term pre-
cision of about 2% for aluminum tubes and patients,
respectively (25). Thus, the short-term reproducibility in
vivo and in vitro of DEXA is similar to previous findings
with SPA.

The long-term precision in vitro of SPA and DEXA in
our study showed an effective slope of 0. In human sub-
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FIGURE 8. lllustration revealing the underestimation of BMD

by both devices when standard holiow aluminum tubes were
filled with lard. The percentage difference between baseline and
filled states for SPA and DEXA were —13.9% and —10.1% (tube
A), —10.1% and —7.2% (tube B), and —5.2% and —3.9% (tube
C), respectively.
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jects, results with SPA have been reported to vary as much
as 7% possibly due to changing source strength and diffi-
culty with repositioning according to external landmarks
(26). The latter may be overcome by employing a bone
detection algorithm which automatically identifies the gap
between radius and ulna (21,22). With DEXA, high reso-
lution bone mineral images facilitate placement of appro-
priate ROI based on anatomical landmarks, thus contrib-
uting to better precision. In addition, the region analyzed
is chosen after inspection of the bone image, thereby
avoiding unsuspected local abnormalities such as deform-
ity or old fracture which would otherwise confound bone
mineral measurement. These factors increase the potential
of this procedure for conducting longitudinal studies. Pre-
cision may also be improved by obtaining a mean of two
measurements on each visit, since scanning time is short
and radiation dose relatively low (7).

Our data indicate that bone mineral measurement of
the radius with DEXA can be acquired without significant
error when forearm thickness remains within the 3-6 cm
range. These limits are within the range usually encoun-
tered in clinical practice and parallel the magnitude of
change found with the SPA device. Further, the DEXA
instrument was largely unaffected by an increase in the
proportion of fat in soft tissue surrounding bone. By
contrast, “intraosseous marrow fat” produced a significant
underestimation of BMD by both devices. However, the
volume of marrow fat used in our study exceeded previous
“normal” estimates for the radius (2).

In our study, layers of porcine skin up to 6 mm in
thickness did not compromise BMD evaluation by either
SPA or DEXA. Sorenson et al. (27) reported statistically
significant increases in BMD measured by SPA with layers
of paraffin over the radius. However, the thickness of these
layers (0.5-1.5 cm) was greater than in our study. Thus, it
is likely that small deposits of fat over the distal radius do
not interfere with the accuracy of bone mineral measure-
ment of DEXA or SPA.

SPA is an established method for forearm scanning.
However, this device requires an expensive radioisotope
source change every 2 mo and additional room to house
the instrument. DEXA incorporates technology with wide
applications and excellent performance characteristics. As
a result, this technique is being increasingly adopted for
routine clinical practice. In many departments, the utili-
zation of DEXA for forearm bone mineral measurement
would allow retirement of the SPA device, thus offering
some economic advantage.

An important limitation of SPA and DEXA is the
inability to discriminate between cortical and trabecular
bone mineral (3). QCT can measure trabecular bone sep-
arately with precision < 1% (2,4,9). This technique there-
fore, may convey some advantages in the assessment of
bone loss and therapeutic effect of newly developed drugs.
However, QCT is expensive and currently not widely used
(1.
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In conclusion, we have demonstrated that:

1. DEXA can be calibrated to provide almost identical
BMD and BMC results in the radius to SPA.

2. DEXA’s short-term precision is similar to results
with SPA.

3. Measurement performance is largely unaffected by
clinical variables such as forearm thickness, localized
fat deposits and increased fat subcutaneously.

4. Scanning time is short.

5. Images of the forearm are of excellent resolution
which enhances long-term precision in vivo.

These factors indicate that DEXA is a clinically satisfac-
tory alternative to SPA for forearm bone mineral meas-
urement. Since DEXA is being increasingly used in routine
practice for bone mineral measurement at other skeletal
sites, many centers may find it convenient and economi-
cally beneficial to expand its application to the radius, thus
replacing the SPA instrument.
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