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Summary. The purpose of this investigation was to deter-
mine the cross-sectional geometry of the radius in female
and male cadaveric specimens using dual-energy X-ray ab-
sorptiometry (DXA), to measure the accuracy of this tech-
nique compared with a digitizing procedure, and to measure
the correlation between these DXA-based geometric vari-
ables and the load required to produce a forearm fracture.
Paired intact forearms were scanned at a distal site and at a
site approximately 30% of the forearm length from the distal
end. The cross-sectional area and the moments of inertia of
two sections at 10 and 30% of the forearm length were com-
puted from the X-ray attenuation data. One member of each
pair was then sectioned at the 30% location, which is mostly
cortical bone, and the section was traced on a digitizing pad.
The other forearm was loaded to failure in a servohydraulic
materials test system. The DXA-based area and moment of
inertia at 30% correlated significantly with the digitized re-
sults (> = 0.93 for area; r* = 0.95 for moment; P < 0.001).
The conventional bone mineral density from DXA did not
associate significantly with failure load, but the minimum
moment of inertia and the cross-sectional area at 10% cor-
related in a strong and significant manner with the forearm
fracture force (> = 0.67 for area; 1> = 0.66 for moment; P
< 0.001). The determination of radial bone cross-sectional
geometry, therefore, should have better discriminatory ca-
pabilities than bone mineral density in studies of bone fra-
gility and fracture risk.

Key words: Dual-energy X-ray absorptiometry ~ Colles’
fracture —~ Bone mineral density — Distal radius — Forearm
fracture.

The high incidence of fractures of the hip [1], spine [2], and
distal radius [3] in the elderly is thought to be the result of
age-related bone loss and concomitant reductions in bone
strength. As a consequence, many noninvasive techniques
have been developed to assess age-related bone loss [4-6].
Surprisingly few studies, however, have assessed the accu-
racy of these techniques for predicting the failure load in
cadaveric specimens of the hip [7-12], vertebral body [13,
14], or forearm [15-18]. Moreover, the resulting relation-
ships between density and failure load are obscured by dif-
ferences in densitometric variables and in failure test con-
figurations. To understand the relationship between nonin-
vasive techniques and bone fracture loads, regional bone
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mineral assessments should be correlated with the loads re-
quired to produce typical age-related fracture patterns.

One of the most attractive sites for noninvasive bone
densitometry is the forearm; it is accessible and the radius
and ulna are surrounded by small amounts of soft tissue and
fat. The most commonly used noninvasive methods for mea-
suring radial bone mass are single photon absorptiometry
[19] and, more recently, dual-energy X-ray absorptiometry
(DXA) [20-22]. DXA measurements are taken in an antero-
posterior direction using a X-ray source, and bone mineral
content (BMC) is determined by subtracting the attenuation
of the X-rays in soft tissue from the attenuation in bone plus
soft tissue [5]. Areal bone mineral ‘‘density”” (BMD) is cal-
culated as the BMC divided by the frontal projected area of
the bone, and consequently it is not exactly equal to true
volumetric bone density [23]. The accuracy of DXA has
been measured in cadaveric lumbar specimens, with a very
strong correlation of BMC against ash weight but with a
relatively large regression error for projected area by DXA
against volume of bone [24].

Osteopenia of the radius assessed by bone densitometry
has been found to associate significantly with increased risk
or incidence of fracture {25-41]. There are two potential
problems, however, with the use of BMD as a clinical pre-
dictor of fracture risk: BMD does not represent true volu-
metric bone density [23, 24]; and the failure load of a bone
such as the radius depends not only on the bone density and
architecture but also on the cross-sectional geometry of the
bone [42]. Previously we found that BMD determined by
single photon absorptiometry (SPA) did not correlate with
the failure force of the distal radius in cadaveric specimens,
whereas cross-sectional geometric variables and BMC did
correlate strongly and significantly with force [15]. We hy-
pothesized that the same would be true for DXA properties,
so we adapted our multiple-angle SPA methods [15], based
in part on the technique of Martin and Burr [16], for use with
a DXA densitometer to calculate the cross-sectional geom-
etry of the distal radius.

We asked the following questions: (1) What is the accu-
racy of the multiple-angle method of computing cross-
sectional geometry of the radius from DXA? (2) Do the geo-
metric variables of the radius vary between males and fe-
males and between a distal measuring site versus a location
in the diaphysis? and (3) Does the cross-sectional geometry
of the distal radius provide a stronger predictor of the force
required to cause a forearm fracture ex vivo over standard
radial BMD? We found that BMD did not correlate signifi-
cantly with failure load, but that the minimum moment of
inertia and the cross-sectional area from DXA correlated in
a strong and significant manner with the force required to
create a forearm fracture. The availability of methods that
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Fig. 1. Diagram of the bones of the forearm illustrating the two sites
for DXA scanning: (1) the distal end of the radius starting from the
distal styloid process of the ulna and extending proximally to 12.5%
of the total forearm length; and (2) 2 cm of the diaphysis of the radius
centered on the 30% mark. Two scan lines at 10 and 30% of the total
forearm length were extracted for cross-sectional analysis.

account for both geometric and densitometric effects thus
could be expected to provide stronger local predictors of
fracture risk at the distal radius and stronger predictors of

fracture risk at remote sites than the use of bone density

alone.

Materials and Methods

Twenty-five pairs of cadaveric arms were obtained fresh-frozen
from the Harvard Anatomic Gifts Program. The specimens came
from elderly donors; the mean age was 74 years with a standard
deviation of 9 years. Eighteen (72%) of the donors were female and
7 (28%) were male. The specimens were stored at —20°C until test-
ing. One specimen was noted by X-ray to have had a previous frac-
ture and was excluded from the analysis.

Specimens were defrosted and wrapped in cellophane to avoid
dehydration of the soft tissues. The total forearm length was mea-
sured from the styloid process of the ulna to the olecranon. A special
holding device, described previously for use with SPA [15], was
used to position the forearm in a dual-energy X-ray absorptiometer
(QDR-1000, Hologic Inc., Waltham, MA). The fingers of each spec-
imen were wrapped around a grip on the holding device that allowed
rotation of the bones of the forearm about the longitudinal axis. The
radius of each forearm was scanned at two locations using the high
resolution setting of the QDR-1000 and a pencil beam from a colli-
mator with a diameter of 0.6 mm. The point distance at the high
resolution setting was 0.127 mm. Both the distal end of the radius
and the radial diaphysis were scanned, and scan lines were extracted
from the raw data for cross-sectional analysis corresponding to 10
and 30% of the total forearm length (Fig. 1). At each location, sep-
arate scans were taken at 0° (fully pronated position), 20°, and 40°
from full pronation. The X-ray attenuation curve at each angle was
used to compute the bone cross-sectional area and cross-sectional
moment of inertia about the axis parallel to the X-ray beam [15, 16].
The geometric data at the three angles were then used to determine
the principal moments of inertia (I,,, and I;,) using standard for-
mulations for rotation of reference axes [43]. Cross-sectional prop-
erties were determined for both the right and left radius from each of
the forearm pairs.

The accuracy of this method was evaluated by selecting at ran-
dom one forearm from each pair for a digitizing procedure. The soft
tissues were cleaned from the radius and ulna, and the bones were
embedded in polyurethane foam [15, 44]. Care was taken to. mark
and orient the radius and ulna in a fully pronated position before
embedding. After the foam hardened, the bones were sectioned with
a band saw at the same 30% location as described above. The 30%
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Fig. 2. Cross-sectional area of the radius at 30% as measured by
digitization versus DXA. The correlation coefficient between the
two methods was r = 0.97 (P < 0.001, n = 24),

location was chosen because it is composed predominantly of cor-
tical bone [45] and could be used with the digitizing procedure to
give a “‘gold standard’’ to compare with the cross-sectional proper-
ties derived from DXA. Slides were taken of each section and pro-
jected onto a Talos digitizing pad (Talos RP-622, Scottsdale, AZ). A
single operator traced the boundaries of each radial section, and the
cross-sectional properties were computed using the SLICE software
program [46].

The remaining forearm from each pair of specimens was loaded
in a failure test to simulate the configuration of the arm during a fall
onto the outstretched hand. Each forearm was cut 15 cm proximal to
the wrist joint, and soft tissue was then removed from the proximal
3 inches of the radius and ulna. The cleaned radius and ulna were
embedded in an aluminum container using polyester resin
(Dynotron/Bondo Corporation, Atlanta, GA). The aluminum mold
was clamped to the hydraulic piston of an Instron model 1331 ser-
vohydraulic material testing system (Instron, Canton, MA). The in-
tact hand was placed against a horizontal upper stage with 75° dor-
siflexion of the wrist and 10° internal rotation [15]. A ramp displace-
ment of 25 mm/second was applied to each mounted specimen, and
the force-displacement data were recorded using LabTech Note-
book (Laboratory Technologies, Wilmington, MA).

To analyze our data, linear bivariate correlations between the
geometric bone properties derived from DXA attenuation curves
and maximum force in the failure test were examined. The BMC and
areal BMD of the radius were also correlated with the failure force.
Variations in bone properties with gender and location were tested
by analysis of variance with gender as a grouping factor and location
as a trial factor. We also examined the potential predictors of failure
force in a multiple stepwise regression with backward and forward
stepping. The variables entered into the model were I ;,, cross-
sectional area, and BMD. These variables were chosen because they
could all be potential independent predictors of the failure force
under combined compression and bending conditions. Data analysis
was carried out with BMDP programs 2V and 2R [47].

Results

In a region of the radius that is mostly cortical bone, there
was a very strong linear correlation (r? = 0.93, P < 0.001)
between cross-sectional area determined noninvasively from
DXA and cross-sectional area determined destructively from
digitization (Fig. 2). The cross-sectional moment derived
from DXA about the anteroposterior centroidal axis versus
that derived from digitization also resulted in a strong and
significant linear correlation (r* = 0.95, P < 0.001, Fig. 3).
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Fig. 3. The cross-sectional moment of inertia about the anteropos-
terior axis (I,,) of the 30% radial section as measured by digitization
versus DXA. The correlation coefficient between the two methods
wasr = 0.98 (P < 0.001, n = 24).

The mean values for BMD did not differ between samples
from elderly men compared with elderly women (P = 0.65,
Table 1). The radii from elderly males did have larger bone
width, cross-sectional area, and moments of inertia than the
radii from females (Table 1). The BMD of the radial shaft
centered at 30% of the total forearm length was significantly
higher than the BMD of the distal site (P < 0.001). The
geometric properties of the 30% section were all smaller than
the geometric properties at the 10% section (P < 0.001).

Radiographs taken after the failure test revealed Colles’
fracture patterns [48] in 19 of the 24 forearm specimens. Two
specimens had fractures of the radial shaft at the Ievel of the
embedding medium, two had ulnar fractures, and one did not
fail. The mean failure force for the 19 specimens with Colles’
fracture patterns was 1780 + 650 Newtons (N), and the force
was significantly higher in males than females (P < 0.01,
Table 1). Failure force values for all specimens are displayed
in Figure 4 against the minimum moment of inertia at the
10% cross section. The line in Figure 4 is for the specimens
that showed Colles’ fracture patterns only. Significant bi-
variate correlations between failure force and bone proper-
ties of the distal radius were found for bone width, cross-
sectional area, I, , and I;, (Table 2). There were no sig-
nificant correlations between failure force and BMC or BMD
of the distal site (Table 2).

In the stepwise regression model, two variables associ-
ated significantly with failure force: I,;, and BMD. The ad-
dition of BMD significantly increased the multiple correla-
tion coefficient over the value for just I, alone, with a
resultant multiple correlation coefficient of R = 0.88 (R? =
0.78). The reduction in the residuals is illustrated in Figure S;
there is less spread for the values from the linear multiple fit
than for the observed values. The significance of I_; and
BMD held under both forward and backward stepping.

Discussion

Dual-energy X-ray absorptiometry at multiple angles in the
radius provided an accurate determination of the cross-
sectional geometry. In addition, the cross-sectional area and
principal moments of inertia assessed by DXA were larger in
males than in females. BMD of the distal radius did not

correlate significantly with the force required for forearm
fracture in cadaveric specimens except in a multiple regres-
sion model. Cross-sectional area and I, gave the strongest
bivariate correlations with fracture force and could thus be
used in future studies of fracture risk to predict the structural
strength of the distal radius.

Studies of Colles’ fracture in adults have observed low
levels of radial BMD and BMC in fracture subjects com-
pared with controls [28-31, 33, 34]. These investigations of-
ten enroll 50 to over 100 subjects and find the mean decrease
in the BMD of Colles’ patients to be only about 12% [28].
Our in vitro results for 19 specimens showed no significant
linear bivariate correlations between BMD or BMC of the
distal radius and forearm fracture load. This apparent dis-
crepancy between the clinical results and the in vitro results
could be due to several possible reasons. First, our study
design did not have the power to detect a significant but
weak correlation between two variables. We would have
needed approximately 80 cadaveric specimens to have a 90%
chance of detecting a significant correlation coefficient of
0.35 at a significance level of 0.05. It is possible that a bi-
variate correlation was not detected with only 19 specimens
showing fracture patterns typical of Colles’ fracture. Sec-
ond, BMD did turn out to account for a significant portion of
the variance in fracture force once I, was included in a
multiple linear regression model. The association between
BMD and force was positive and significant. This result in-
dicates that though geometry of the radius may dominate the
fracture load in this elderly sample of cadaveric forearms,
BMD also associates significantly with fracture load. Third,
our laboratory loading conditions in the failure test were
controlled and simplified when compared against the many
external loading conditions that cause forearm fracture in
clinical surveys. Any conclusions about the relationship of
geometry and density to forearm strength apply only to this
specific loading configuration, although we were careful to
include only specimens that showed radiographic evidence
of Colles’ fracture patterns. Fourth, we did not have the
software package available that calculates BMD for a precise
ultradistal site in the radius such as that used in clinical
studies. We used the BMD of the distal end as illustrated in
Figure 1. The error introduced by using a scan window that
is larger than that dictated by the commercial software is
unknown and could be investigated in future studies. How-
ever, the values for BMD did overlap the range of values for
measurements made at the ultradistal site in younger sam-
ples in vivo [21, 22].

The fracture force values measured in our experiment
were similar to those measured by Frykman [48] using hu-
man cadaveric specimens and a test configuration similar to
ours. Frykman found that the mean fracture force in male
specimens was 2770 N and the force in females was 1920 N.
The mean age in Frykman’s study (65 years) was slightly
younger than the mean age for our specimens (74 years). The
mean force measured in this study (1780 N) was less than the
mean value we found in a previous series of experiments
(3390 N) [15], but the ranges overlapped (5003020 N versus
2100-5500 N). There were more females specimens in the
current study than in our previous study, which could ex-
plain some of the difference.

Significant correlations have been measured previously
between failure load of intact or excised specimens of radius
or ulna and BMC by SPA [15, 18, 49] and X-ray absorpti-
ometry [17]. In our previous work with SPA [15], we found
that BMC was proportional to the cross-sectional area of the
radius at a single scan line and that it correlated significantly
with the force in the forearm fracture test. With the rectilin-
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Table 1. Properties of the radius in males and females®

E. R. Myers et al.: DXA Properties and Fracture Load of the Distal Radius

Property Location Males Females Significance®
BMC (g) Distal end 1.62 (0.95) 1.72 (1.10) NS
Diaphysis 1.23 (0.60) 1.12 (0.60)
BMD (g/cm?) Distal end 0.232 (0.057) 0.289 (0.150) NS
. Diaphysis 0.449 (0.213) 0.462 (0.227)
Cross-sectional area (cm?) 10% 1.00 (0.176) 0.597 (0.152) <0.001
. 30% 0.886 (0.087) 0.568 (0.124)
Bone width (cm) 10% 2.52 (0.47) 1.94 (0.28) 0.001
30% 1.59 (0.12) 1.44 (0.16)
L (cm*) 10% 0.343 (0.104) 0.144 (0.056) <0.001
30% 0.111 (0.057) 0.058 (0.034)
Iy (cm®) 10% 0.461 (0.152) 0.201 (0.069) <0.001
30% 0.191 (0.035) 0.086 (0.023)
Maximum force (N) 2370 (420) 1580 (600) <0.01
2 Mean (SD)
b Significance of difference with gender
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Fig. 4. Minimum moment of inertia (I;,) of the 10% section as
determined by DXA versus the failure load in the forearm fracture
test. Nineteen specimens showed patterns of Colles’ fracture by
radiograph, two failed by fracture of the ulna only, one did not fail,
and two had fractures at the level of the embedding medium. The
correlation coefficient between I, and the failure force for the 19
specimens with Colles’ fracture patterns was r = 0.81 (> = 0.66, P
< (.001, n = 19), and the equation of the line was Force = 5720 I,
+ 710 N. The standard error of the estimate was 390 N.

Table 2. Correlation coefficients between forearm failure load and
radial bone properties at the distal end

Property r r? Significance
Bone width 0.50 0.25 0.03
Cross-sectional area 0.82 0.67 <0.001
L. 0.62 0.38 0.005

- 0.81 0.66 <0.001
BMC 0.35 0.12 NS
BMD 0.26 0.07 NS

ear scan utilized by DXA, however, BMC is the sum in two
directions of the mineral pathlength and therefore should be
proportional to the volume of bone mineral in the scan win-
dow. BMC assessed by DXA did not associate significantly
with in vitro failure load, however, which was surprising
considering that it is a measure of the amount of bone min-
eral in the distal section. It seems that measuring the amount

.. .. 4
Minimum moment of inertia (cm )

Fig. 5. Results of the multiple linear regression. The open circles are
the values that were observed for the 19 specimens with patterns of
Colles’ fracture. The closed circles are the values from the multiple
linear regression. The model was Force = 61401, -+ 1910 BMD +
50 N, with a multiple correlation coefficient of R = 0.88 (R* = 0.78,
F = 28.8, n = 19). The standard error of the estimate was 320 N.
The inclusion of BMD in the model after I ;, resulted in a significant
reduction in the residuals (change in R?> = 0.12, F = 9.0).

of bone mineral (BMC) or the areal density (BMD) in a seg-
ment of the radius does not offer the same predictive capac-
ity for force as measuring the geometry at a single scan line
at the 10% location.

Bone mineral measurements are potentially useful in clin-
ical observational studies and in clinical trials if the regional
bone measurement provides an assessment of fracture
strength. Among the variables measured for the distal ra-
dius, the strongest linear relationship with the forearm frac-
ture force was with cross-sectional geometric variables such
as the area and 1 ;,. For this reason, the determination of
radial bone cross-sectional geometry could have better dis-
criminatory capabilities than BMD in studies of bone fragil-
ity and fracture risk. We plan in the future to determine the
correlation between these new DXA-based variables of the
forearm and failure loads at other sites in the body. We will
also investigate the measurement of these DXA variables in
both the hip and the spine.
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