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Introduction

Non-invasive bone densitometry is commonly used in the
clinical setting to assess bone density and the efficacy of
treatment for osteoporosis. Dual energy X-ray absorptio-
metry (DXA) or peripheral quantitative computed tomogra-
phy (pQCT) have been used to make such determinations.
These techniques differ in their measurement parameters,
the types of data collected, and their mode of calculating
bone density.  Since these data, in conjunction with other
factors, are often used to assess fracture risk in patients,
there is debate about which method provides the best index
of bone strength. The experiment reported here compares
the ability of DXA and pQCT to predict whole bone break-
ing strength of adult beagle femora.

The standard in clinical bone density analysis is DXA.

This technique offers information on the “areal density” but
does not measure volumetric density and provides only lim-
ited information on the bone’s architecture. DXA provides
very precise measurements of bone mineral content (BMC)
in grams, the area of the scanned region in cm2, and "areal"
bone mineral density (aBMD=BMC/area) in g/cm2.  Despite
a relative lack of architectural information, many studies1-5

have used aBMD and/or BMC to predict the probability of
fracture (fracture risk) in individuals.

Information from pQCT includes volumetric bone densities,
total (vTotBMD) and cortical (vCtBMD), and a set of geo-
metric variables that characterize the architecture of the
bone. The geometric variables that have offered a substantial
amount of information regarding long bone strength are the
cross-sectional moments of inertia (CSMI)6. The cross-sec-
tional moment of inertia is a measure of the distribution of
material around a given axis7. It is used to calculate the bone
strength index (BSI) which is determined by multiplying
CSMI by the volumetric cortical bone density8. In some pre-
vious studies, geometric variables individually or in conjunc-
tion with bone mineral density have furnished significant
relationships with breaking strength9-17.
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From an engineering perspective, the prediction of whole
bone strength depends on the bone’s tissue-level (apparent)
mechanical properties, their distribution in space (geome-
try), and the loading conditions18.  The tissue-level mechani-
cal properties are strongly dependent upon density.  In many
situations the geometry of the bony elements is just as
important when gauging the whole bone breaking strength19.
Standard bone densitometry (DXA) does not explicitly eval-
uate either the bone geometry or the apparent density.
Nevertheless, DXA measurements are known to correlate
with whole bone strength.  Therefore, the aim of our study
was to determine if the breaking load of whole beagle femo-
ra could be better predicted using DXA or pQCT measures
of bone density and geometry.

Materials and methods

A group of twenty-three fresh frozen beagle femora (11
female, 12 male; age range 1.16-13.30 yr; weight range 7.3-

Minimum Maximum Mean Standard COV Max to  
deviation (%) Min ratio

Maximal load (N) 1312 2975 2074 544 26 2.3

pQCT variables
Iy (mm4) 465 1286 805 201 25 2.8
Ix (mm4) 353 1139 669 176 26 3.2
Imax (mm4) 535 1346 848 205 24 2.5
Imin (mm4) 348 1078 625 167 27 3.1
Imax:Imin 1.2 1.5 1.4 0.1 7 1.3
Ip (mm4) 883 2424 1474 370 25 2.7
ı (degrees) -22 33 9 14 156 N/A
TA (mm2) 79 139 108 15 14 1.8
CA (mm2) 49 82 64 8 13 1.7
vTotBMD (mg/cm3) 635 954 805 82 10 1.5
vCtBMD (mg/cm3) 1250 1356 1311 29 2 1.1
BSIImax 695,964 1,746,840 1,106,655 269,045 24 2.5
BSIImin 469,929 1,397,881 816,553 216,280 26 3.0
BSIIx 476,765 1,476,828 874,969 229,955 26 3.1
BSIIy 587,703 1,667,894 1,048,239 260,596 25 2.8
BSIIp 1,191,090 3,144,724 1,923,208 482,210 25 2.6

DXA variables
aBMD (g/cm2) 0.530 0.750 0.657 0.054 8 1.4
BMC (g) 1.888 3.350 2.675 0.319 12 1.8
Area (cm2) 3.560 4.636 4.063 0.274 7 1.3

Values for maximal load, pQCT, and DXA variables.

Table 1. Cross-sectional moments of inertia about anatomical axes (Ix, Iy), maximum and minimum moments of inertia (Imax, Imin), their
ratios (Imax:Imin), polar moment of inertia (Ip), orientation of the principle axes with respect to the anatomical axes (ı), total area (TA),
cortical area (CA), volumetric total density (vTotBMD), volumetric cortical density (vCtBMD), bone strength indices (BSI) based on cor-
tical density and the area and polar moments of inertia (BSIIx, BSIIy, BSIImax, BSIImin, BSIIp), bone mineral density (aBMD), bone min-
eral content (BMC), and bone area.

Figure 1. Sites of DXA scan, 5 pQCT cross-sectional scans, and
the 3-point bending mechanical test.
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17.7 kg) were collected for DXA, pQCT, and mechanical
testing. The bones came from animals in IACUC approved
studies, and had not been treated with any substances that
could influence the bones. All femora were from left extremi-
ties. The femora were scanned with a dual energy X-ray
absorptiometer (model DPX-L, Lunar Radiation) using small
animal software (Version 1.0d) in the appendicular scan
mode. During scanning the femur was placed on a 2.5 cm
thick piece of Plexiglas to simulate soft tissues with the ante-
rior surface facing up and the proximal end toward the head
of the table.  Measurements of BMC, bone area, and aBMD
were obtained by analyzing a 35 mm long section from the
shaft of the bone centered on the mid-femur (Figure 1).
Edge detection of the femur during the DXA analysis was
manually determined. Coefficients of variation for five
measurements obtained for BMD, BMC, and area of the
same femur after repositioning were 2.6%, 1.2%, and 2.1%,
respectively.

PQCT scans of the femora were made on a XCT 960
pQCT X-ray bone densitometer (Norland Stratec) using
small animal software (Version 5.10). Five cross-sectional
scans (2 distally, 1 at the midshaft, and 2 proximally) were
performed within the same 35 mm length of femur as the
DXA scans (Figure 1). The two proximal scans were located
8.8 mm apart as were the two distal scans and the intermedi-
ate scan was centered on the mid-femur. Analyses of these

scans produced measurements of volumetric total density
(vTotBMD), total area (TA), volumetric cortical density
(vCtBMD), cortical area (CA), cross-sectional moments of
inertia about anatomical axes (Ix, Iy), the maximum and min-
imum moments of inertia (Imax, Imin), the polar moment of
inertia (Ip), the orientation of the principle axes with respect
to the anatomical axes (ı), and strength indices based on
vCtBMD multiplied by each cross-sectional moment of iner-
tia (BSIIx, BSIIy, BSIImax, BSIImin, BSIIp).  Relatively high
Iy (or BSIIy) values compared to Ix (or BSIIx) imply rela-
tively greater resistance to bending in the medial-lateral
direction than in the anterior-posterior direction.  For the
analysis procedure the contour mode was set at 2 and the peel
mode was set at 5. The values for the 5 scans were averaged.
Coefficients of variation obtained for vCtBMD and CA of
the same femur after repositioning five times were 0.91% and
1.18%, respectively.

The femora then underwent a three-point bending
mechanical test on a material testing machine (Instron,
Model 1321) to determine maximal load (N) following the
method of Martin et al.20. The femur was placed with the
anterior surface facing down on a stand providing two points
of support 35 mm apart. A posterior to anterior load was
applied to the midshaft of the femur at 5 mm/min until fail-
ure. This loading site was the same location as the midshaft
cross-sectional pQCT scan.

pQCT and DXA Component % Cumulative 
variables 1 2 3 of Variance %
BSIImax .990
Imax (mm4) .989
BSIIp .988
Ip (mm4) .982
BSIIy .974
TA (mm2) .973
BSIImin .971
BSIIx .968 70.5 70.5
Iy (mm4) .965
Ix (mm4) .965
Imin (mm4) .959
DXA Area (cm2) .953
CA (mm2) .812
BMC (g) .790
ı (degrees) .689
vTotBMD (mg/cm3) .925 13.9 84.4
aBMD (g/cm2) .896
vCtBMD (mg/cm3) .880 9.6 94.0
Imax:Imin .866

Table 2. Results of the factor analysis (principal component analysis with varimax rotation) with pQCT and DXA variables.  Shaded vari-
ables indicate variables with the highest loading used in the multiple regression analysis reported in Table 4.
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Statistical analyses of the data were performed using SPSS
for Windows (Version 8.0).  First, a factor analysis technique
(principal component analysis with varimax rotation) was
performed to group the pQCT and DXA variables (inde-
pendent variables) into components based on their interre-
lationships. Based on the results from the factor analysis, the
variables with the highest loading from each component
were then used in a forward stepwise multiple regression
analysis to determine which pQCT and DXA variables
explained most of the variance in maximal load.  The criteria
for entering a variable was p=0.05 and for eliminating a vari-
able after having been entered was p=0.1.

Results

The mean load at failure was 2,074 N, with a 2.3-fold vari-
ation from the weakest to the strongest bone (Table 1). The
variation in the CSMIs tended to be about 3-fold whereas
the variation in vCtBMD was less than 1.1-fold. The varia-
tion in vTotBMD and the DXA variables was about 1.5-fold.

In the factor analysis the pQCT and DXA variables were
grouped into three components (Table 2) with all nineteen

variables contributing to the model explaining 94% of the vari-
ance. Component 1 contained most of the geometric pQCT
variables and bone strength indices and contributed 70.5%
of the variance. The areal and volumetric densities were
placed in component 2 or 3, explaining 13.9% and 9.6% of
the variance, respectively. For each of the three components,
the variable with the highest loading was a pQCT variable
(range 0.99-0.88) and specifically were BSIImax, vTotBMD,
and vCtBMD. These three pQCT variables were then used
in the forward stepwise multiple regression analysis. As
expected, the variables that were grouped together to com-
prise each component were significantly correlated with the
other variables within the component (Table 3).  

In the multiple regression analysis (Table 4) all three pQCT
variables entered the model and explained a total of 88% of
the variance in maximal load. The regression analysis
revealed that vTotBMD was the single best variable at pre-
dicting maximal load with an adjusted r2 of 0.32 (p=0.003).
The addition of vCtBMD increased the adjusted r2 to 0.601
(p=0.001) and the addition of BSIImax made further signif-
icant (p<0.001) improvements to an adjusted r2 of 0.877.
Taken individually, each of these variables explained about
30% of the variance in maximal load.   

Table 3. Univariate correlations (r2) for pQCT and DXA variables.

*p<0.05
**p<0.01

A minus sign within parentheses (-) indicates a negative correlation

Max BSII Imax BSIIp Ip BSIIy BSII Iy TA BSIIx Imin Ix DXA CA BMC £ vTot a vCt

load max min area BMD BMD BMD

BSII
max .13
Imax .16 .99**

BSIIp .16 .99** .99**

Ip .19* .97** .99** .99**

BSIIy .22* .97** .98** .97** .966**

BSII
min .20* .95** .96** .98** .99** .94**

Iy .25* .95** .97** .96** .97** .99** .94**

TA .05 .89** .91** .91** .92** .85** .90** .85**

BSIIx .10 .94** .94** .96** .95** .87** .96** .85** .92**

Imin .22* .92** .95** .96** .98** .93** .99** .94** .90** .94**

Ix .12 .93** .94** .96** .96** .87** .97** .87** .93** .99** .96**

DXA 
area .10 .86** .88** .86** .87** .89** .83** .90** .87** .76** .83** .77**

CA .59** .74** .77** .77** .78** .82** .77** .84** .53** .65** .78** .67** .62**

BMC .45** .72** .70** .71** .68** .77** .68** .75** .46** .59** .65** .57** .58** .90**

£ .18* .48** .47** .46** .44** .56** .42** .54** .32** .33** .40** .31** .49** .51** .57**

vTot
BMD .35** .03 (-) .03 (-) .03 (-) .04(-) .01 (-) .03 (-) .01 (-) .19 (-) .07 (-) .04 (-) .08 (-) .09(-) .06 .09 .02
aBMD .54** .22* .20* .21* .19* .26* .20* .23* .05 .15 .18 .14 .09 .55** .71** .28** .50**

vCt
BMD .12(-) <.01 .01(-) <.01(-) .02 (-) <0.1(-) .01(-) .02(-) .02(-) <.01(-) .04(-) .01 .02(-) .02(-) .02 .02 .08 .09
Imax:
Imin .22*(-) .04 (-) .06 (-) .09(-) .12(-) .06 (-) .17(-) .08(-) .12(-) .12(-) .20(-) .16(-) .05(-) .10(-) .03(-) <.01 .03 <.01 .35**
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As a comparison, when all pQCT and DXA variables were
entered into a forward stepwise multiple regression analysis,
results indicated that four pQCT variables entered the model
explaining 96.6% of the variance in maximal load. The single
best variable at predicting maximal load was CA (adj.
r2=0.572, p<.001). The addition of BSIImax increased the
adjusted r2 to 0.929 (p<0.001) and the addition of Imax:Imin
and BSIIp made further slight, but significant (p=0.015),
improvements. Interestingly, when only the DXA variables
(aBMD, BMC, area) were considered in a multiple regression
model, aBMD was the only variable entered and explained
only 51% (p<0.001) of the variance in maximal load.

Discussion

The central finding of the present study was that pQCT
provided better information than DXA for predicting the
whole bone breaking strength of beagle femora.  When only
pQCT variables were considered, the multiple regression
analysis showed that a combination of geometric and densit-
ometric information explained 88% of the variance in maxi-
mal load.

In agreement with our finding that geometric variables
make a contribution to predicting bone strength, Ferretti and
co-workers8 reported a significant correlation between BSI
(CSMI x vCtBMD) and fracture load in rat femurs (r=0.94),
and Jamsa and co-workers21 found that the breaking force of
mouse femurs was best explained by CSMI and vCtBMD
together (r=0.92). Similarly, this relationship between geo-
metric properties from QCT and their ability to predict frac-
ture load in cadaver whole bone femora has been reported at
the femoral neck (r=0.81)22, and at the mid-shaft (r=0.73)23.

It is interesting to note that there was very little variation
in cortical bone density in this sample, whereas the variabil-
ity in the total bone density from pQCT (vTotBMD) was
about the same as the variability in aBMD from DXA.  This
implies that the source of variation in aBMD and vTotBMD
was variation in cortical area rather than variation in cortical
density. In other words, bones with thicker cortices appeared

denser when quantitated as aBMD or vTotBMD, but in
actuality, the bone at a tissue level had a relatively constant
density.

The main limitation of our study was the use of beagles
that had a small range of body weights and bone mineral
density measures (maximum 3-fold variation). In addition,
the animals spanned a wide age range quite possibly provid-
ing a wide range of material properties.  Unfortunately, the
bone material properties and their microstructural determi-
nants cannot be measured absorptiometrically. Thus, one
must generalize with caution. However, previous validation
of pQCT has come from small animal models and this work
extends these observations to larger species.

Conclusion

Our findings of the importance of bone geometry and
density to whole bone strength are consistent with other
studies, as cited above. Our results indicate that beagle
femur whole bone strength can be better predicted by pQCT
than DXA since pQCT provides information on the bone’s
architecture in addition to its density.
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