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Abstract
Strain measurement is an essential tool in the study of trabecular bone structure-function
relationships. Digital volume correlation (DVC) is a measurement technique that quantifies strains
throughout the interior of a specimen, rather than simply those on the surface. DVC relies on tracking
the movement of microstructural features, and as such, the accuracy and precision of this technique
may depend on trabecular structure. This study quantified displacement and strain measurement
errors in six types of trabecular bone that spanned a wide range of volume fraction and trabecular
architecture. Accuracy and precision were compared across bone type and also across three DVC
methods. Both simulated and real displacement fields were analyzed using micro-computed
tomography images of specimens from the bovine distal femur, bovine proximal tibia, rabbit distal
femur, rabbit proximal tibia, rabbit vertebra, and human vertebra. Differences as large as three-fold
in accuracy and precision of the displacements and strains were found among DVC methods and
among bone types. The displacement precision and the strain accuracy and precision were correlated
with measures of trabecular structure such as structural model index. These results demonstrate that
the performance of the DVC technique can depend on trabecular structure. Across all bone types,
the displacement and strain errors ranged 1.86–3.39 μm and 345–794 με, respectively. For specimens
from the human vertebra and bovine distal femur, the measurement errors were approximately twenty
times smaller than the yield strain. In these cases, DVC is a viable technique for measuring pre- and
post-yield strains throughout trabecular bone specimens and the trabecular compartment of whole
bones.
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INTRODUCTION
Strain measurement is an essential tool in the study of bone structure-function relationships.
Digital volume correlation (DVC) is potentially a powerful strain measurement technique for
trabecular bone, because this technique can measure strains throughout the interior of a
specimen. DVC is an extension of digital image correlation (Peters, 1982) that uses series of
3-D images, such as those provided by micro-computed tomography (μCT), to track the
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movement of microstructural features throughout the specimen in response to an applied load
(Bay, 2001; Bay, et al., 1999). Given the anatomic locations of trabecular bone in the skeleton,
interior strain measurements are needed to define the mechanical demands to which trabecular
bone is subjected in situ. If sufficiently accurate and precise, DVC could be used to measure,
for the first time, the deformations that occur throughout the trabecular compartment of bones
such as the vertebra and proximal femur during activities of daily living and during trauma.
Such measurements are relevant for studies of whole bone failure mechanisms and bone
adaptation.

The accuracy and precision of DVC have not yet been fully established. Previous studies have
found that the displacement precision ranges 0.005–0.056 voxels and the strain precision ranges
from tens to tens of thousands of microstrain depending on the length scale over which the
strains are computed (Bay, et al., 1999; Verhulp, et al., 2004; Zauel, et al., 2006). However,
these previous studies have used one or two specimens only. The DVC technique is likely very
sensitive to the nature of the trabecular structure, which would make the accuracy and precision
vary depending on specimen density and trabecular architecture. Further, although different
image correlation methods have been proposed (e.g., Bay, et al., 1999; Huang, et al., 1997;
Sutton, et al., 1983), no systematic comparison of their performance for trabecular bone has
been reported. This study quantified the accuracy and precision of DVC across a wide range
of trabecular structures in order to determine how the accuracy and precision vary with: 1)
DVC method, and 2) trabecular structure.

METHODS
Specimens (n=2/bone type) from the bovine distal femur (BDF), bovine proximal tibia (BPT),
rabbit distal femur (RDF), rabbit proximal tibia (RPT), rabbit vertebral body (RVB), and human
vertebral body (HVB) were imaged twice (36 μm/voxel resolution, 70 kVp, 300ms integration
time; μCT40, Scanco Medical, Bassersdorf, Switzerland). A 4.3mm cubic image volume was
selected from each specimen (Figure 1). Given the small size of the rabbit bones, inclusion of
some of the cortical shell (RDF, RPT, RVB) and physis (RDF, RPT) was unavoidable. For
these specimens, the results characterize DVC performance not for trabecular bone only but
rather for regions of bone representative of those that would be analyzed when applying DVC
to quantify deformations occurring throughout whole bones.

Performances of three DVC methods were compared: cross-correlation (CC) (Willert and
Gharib, 1991); normalized cross-correlation (NCC) (Huang, et al., 1997); and maximum
likelihood estimation (MLE) (Gokhale, et al., 2004). Details of these methods are provided as
supplemental information on the journal website. Briefly, all three methods estimate the
displacement field by matching sub-regions of two image volumes. Matching is performed by
computing the similarity between the sub-regions’ intensity (grayscale value) patterns. The CC
and NCC methods use correlation functions as the similarity measure, and the MLE method
uses the sum of the squared differences in intensities.

Both simulated and real displacement fields were analyzed. Simulated displacement fields were
constructed from a single scan of a given specimen by translating the image volume by a
uniform amount (2.0 or 0.5 voxels) in each coordinate direction (total displacement of 3.46
and 0.87 voxels, respectively). Accuracy and precision of the computed displacements were
quantified by the mean and standard deviation, respectively, of the difference between the
computed and true total displacements. To obtain a real, and ideally zero-valued, displacement
field, the pair of scans for a given specimen was analyzed. Due to the finite precision of the
μCT scanner stepper motor, the true displacement is not zero; thus, only the displacement
precision, as quantified by the standard deviation, was evaluated for the case of repeated scans.
Accuracy and precision of the strain were quantified by the mean and standard deviation,
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respectively, of the average of the absolute values of the six strain components. All calculations
were performed for four sub-region sizes: 20×20×20, 30×30×30, 40×40×40, and 50×50×50
voxels3.

Two-factor analyses of variance with Tukey post hoc tests were performed to identify
differences in accuracy among DVC methods and among bone types (JMP 6.0, SAS Institute,
Cary, NC). These analyses took into account that multiple sub-regions were analyzed for each
specimen (nested, random effect) and that the displacement and strain for each sub-region were
computed for each DVC method (repeated measures). Differences in precision were
determined using Levene’s test for homogeneity of variance. This test was performed
separately for each method and bone type. The Dunn-Sidák method was used to account for
multiple comparisons, resulting in a significance level (α) of 0.0052. Correlation analyses were
performed to investigate the sensitivity of the displacement and strain errors to trabecular
structure, as quantified by volume fraction, mean trabecular thickness, mean trabecular
spacing, trabecular number, and structural model index.

RESULTS
The accuracy and precision of the displacements and strains differed among DVC methods
(Table 1). For simulated displacements, the MLE method yielded the most accurate (p<0.001)
and precise (p≤ 0.003) displacement estimates. For the repeated scans, the displacement
precision of the MLE and CC methods was higher (p≤ 0.001) than that of the NCC method for
all bone types except the vertebral specimens. With respect to strains, the MLE method yielded
the highest accuracy for all bone types (p<0.001, Figure 2A) and highest precision for two
bone types (RPT and RVB, p<0.003, Figure 2B). No other differences in strain precision were
found among methods (p>0.05). In all cases, the error magnitudes decreased with increasing
sub-region size.

The displacement and strain errors also differed among bone types (Table 1). For simulated
displacements, differences in displacement accuracy among bone types differed depending on
DVC method (p<0.001); however, the precision was highest for the bovine and human
specimens for all methods (p≤ 0.001). For the repeated scans, the displacement precision was
highest for the bovine distal femur for all methods (p<0.001). The strain accuracy was highest
for the human vertebra and bovine distal femur and lowest for the rabbit distal femur and rabbit
proximal tibia (p<0.001, Figure 2A). No differences in strain precision among bone types were
found (p>0.02, Figure 2B); however, the accuracy and precision were highest for specimens
with lower volume fraction and trabecular number, and higher trabecular spacing and structural
model index (Table 2).

DISCUSSION
When both accuracy and precision of the displacements and strains are considered, the MLE
method demonstrated the best performance. For this method, the displacement precision ranged
1.86–3.39 μm (0.052–0.094 voxels) and the strain errors ranged 345–794 με across all bone
types for a sub-region size of 40 voxels. Under the stipulation that a strain measurement
technique can reliably measure strains equal to or greater than ten times the error, the MLE
method can measure strains as small as approximately half the yield strain (~7000 με (Morgan
and Keaveny, 2001)) in some bone types (e.g. HVB, BDF). Thus, in some cases DVC is a
viable technique for quantifying pre- and post-yield strains in the trabecular compartment of
whole bones. However, the variability in performance among bone types and DVC methods
suggest that as a general rule, applications of DVC may be restricted to the yield and post-yield
regimes.
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There are several limitations of this study. First, analyses were conducted only on images of
undeformed samples; thus, strain decorrelation was not considered (Westerweel, 1997).
Second, not all specimens consisted exclusively of trabecular bone (Figure 1). We believe that
the large errors obtained for the rabbit tibia and femur were due to the physis, which appears
as a region of low intensity variations in the μCT images. Third, only one image resolution
was investigated. However, an ancillary analysis of image resolution (Table 3) indicates that
small differences in resolution do not affect displacement precision.

The levels of precision found here are comparable to those in previous DVC studies on μCT
images of trabecular bone (Bay, et al., 1999; Zauel, et al., 2006) when differences in subregion
size are considered. They are also comparable to those reported for ultrasonic imaging (Chen,
et al., 1992; Ophir, et al., 2001); however, they are four to ten times lower than those reported
for optical imaging (Cheng, et al., 2002; Chevalier, et al., 2001; Nicolella, et al., 2006;
Nicolella, et al., 2001; Pitter, et al., 2002; Tong, 1997; Zhang, et al., 2003) and approximately
ten times higher than those reported for magnetic resonance imaging (Bey, et al., 2002;
Gilchrist, et al., 2004). These differences may result from differences among these studies in
imaging modalities, in technical approaches, and in image texture (Gilchrist, et al., 2004) of
the various specimens. The results of this study highlight the importance of the latter by
indicating that differences in structure among specimens can affect the accuracy and precision
of the estimated deformations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Figure 2.
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Table 3

Image Resolution (μm/voxel) CC MLE

(μm) (Voxel) (μm) (Voxel)

20 1.20 0.060 1.22 0.061
36 2.32 0.064 2.47 0.069
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