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The purpose of this study was to examine the potential of digital tomosynthesis (DTS) derived cancellous
bone textural measures to predict vertebral strength under conditions simulating a wedge fracture. 40
vertebral bodies (T6, T8, T11, and L3 levels) from 5 male and 5 female cadaveric donors were utilized.
The specimens were scanned using dual energy X-ray absorptiometry (DXA) and high resolution com-
puted tomography (HRCT) to obtain measures of bone mineral density (BMD) and content (BMC), and
DTS to obtain measures of bone texture. Using a custom loading apparatus designed to deliver a nonuni-
form displacement resulting in a wedge deformity similar to those observed clinically, the specimens
were loaded to fracture and their fracture strength was recorded. Mixed model regressions were used
to determine the associations between wedge strength and DTS derived textural variables, alone and
in the presence of BMD or BMC information. DTS derived fractal, lacunarity and mean intercept length
variables correlated with wedge strength, and individually explained up to 53% variability. DTS derived
textural variables, notably fractal dimension and lacunarity, contributed to multiple regression models
of wedge strength independently from BMC and BMD. The model from a scan orientation transverse to
the spine axis and in the anterior-posterior view resulted in highest explanatory capability
(R2

adj = 0.91), with a scan orientation parallel to the spine axis and in the lateral view offering an alternative
(R2

adj = 0.88). In conclusion, DTS can be used to examine cancellous texture relevant to vertebral wedge
strength, and potentially complement BMD in assessment of vertebral fracture risk.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Vertebral fractures are the most common type of osteoporotic
fractures (Burge et al., 2007). However, assessment of vertebral
strength and fracture risk using currently available clinical imaging
modalities has limited accuracy (Cranney et al., 2007; Roux et al.,
2013; Tabensky et al., 1996). A part of this inaccuracy may be attri-
butable to the limited ability of imaging modalities to access the
spine with high enough resolution within a reasonable range of
radiation exposure to capture microstructural details of cancellous
bone, as inclusion of such details is known to improve prediction of
vertebral strength (Hulme et al., 2007; Wegrzyn et al., 2010) and
assessment of the osteoporotic fracture status of the spine (Blake
et al., 2005; Link et al., 2004; Marshall et al., 1996).

Digital tomosynthesis (DTS) has gained popularity as a modality
with tomographic capability together with reduced radiation dose
and higher in-plane resolution compared to computed tomography
(CT) (Dobbins and Godfrey, 2003). With additional benefits includ-
ing reduced examination time, less metallic artifacts, lower cost
and arguably greater accessibility than CT, it has found applica-
tions in many fields (Machida et al., 2016). With breast and lung
cancer screening being primary applications (Dobbins et al.,
2008; U. S. Preventive Services Task Force, 2009), image guided
radiation therapy (Hsieh and Ng, 2017), and imaging of head and
neck for sinusitis, temporomandibular joint disease and dental
procedures (Gomi et al., 2007; Machida et al., 2013) are some of
the areas in which DTS is used. In orthopaedic imaging, DTS has
been useful in the diagnosis of suspected fractures (Al-Mokhtar
et al., 2015; Mermuys et al., 2008; Petraszko et al., 2016),
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Fig. 1. (a) The X-ray source translates opposite to the detector in the table and
pivots while a series of projection images are acquired. (b) Specimens were
precisely aligned with respect to image axes in a saline-filled radiolucent container
which allowed scanning in multiple directions by rotating the container. (c)
Vertebrae were scanned at six orientations in total: parallel (axial), perpendicular
(transverse), and oblique to the superoinferior axis of the spine, in both AP
(anterior-posterior) and LM (lateral-medial) views. Arrow indicates direction of
source-detector motion.
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post-operative follow-up in the presence of metallic implants
(Gothlin and Geijer, 2013) and evaluation of osteoarthritis
(Kalinosky et al., 2011). Due to its ability to image the spine with-
out the visual clutter that would be present in plain radiographs
and resolve details of cancellous bone, it has been considered as
a potential means for quantitative assessment of bone quality. To
that end, it has been shown that cancellous bone texture variables
measured from DTS images of human vertebrae are correlated with
cancellous bone microstructure and mechanical stiffness as deter-
mined from microcomputed tomography and large scale computa-
tional analysis (Kim et al., 2017, 2015). Clinically, texture variables
derived from DTS of the hip have been shown be discriminative
between patients with a vertebral fracture and those without, in
a cohort with diabetes (Fujii et al., 2016). However, the extent to
which cancellous bone texture variables derived from DTS imaging
of vertebrae can improve the prediction of vertebral strength and
fracture risk remains to be determined.

Fracture strength of a vertebral body obtained from uniaxial
compression is often examined as a surrogate for fracture risk
under laboratory conditions. The associations of vertebral uniaxial
strength with the microstructural and morphometric properties of
the vertebra as well as with clinical measures of bone mass and
density are well documented (e.g., (Fields et al., 2009)). However,
the strength of a vertebra under loading that results in a clinically
typical wedge shaped deformity (wedge strength) can be different
(Iyer et al., 2010; McDonnell et al., 2010) and the ability of clini-
cally available imaging modalities to predict this strength is less
well understood. Therefore, the objective of the present study
was to examine the extent to which microstructural properties
derived from digital tomosynthesis (DTS), and density properties
derived from dual energy X-ray absorptiometry (DXA) and high
resolution CT (HRCT) can predict vertebral wedge strength, using
cadaveric vertebrae.
2. Methods

Forty human vertebral bodies obtained at four levels (T6, T8,
T11, and L3) from five male (Age: 75 ± 9.4 years) and five female
(Age: 84 ± 4.6 years) cadavers were used under the approval of
the institutional review board (IRB). Donors with HIV, hepatitis
or infectious diseases, a cause of death involving trauma or a his-
tory of spine surgery, glucocorticoid use, or metabolic diseases
known to affect bone were not included.

Vertebrae were separated from spines, stripped of surrounding
soft tissue, and posterior elements were resected flush with the
posterior aspect of the vertebral body. Following preparation, ver-
tebral bodies were wrapped in saline-soaked towels and preserved
at �20 �C until scanning and mechanical testing were performed.

The specimens were scanned using HRCT, DXA and DTS prior to
mechanical strength studies. The vertebrae were immersed in
physiological saline during all imaging studies in custom radiolu-
cent scanning containers so as to simulate soft tissue that would
be present in an in vivo scan. DTS imaging and image analysis were
performed according to previously described protocols (Kim et al.,
2017). Briefly, DTS image acquisition was performed in anterior-
posterior (AP, producing a stack of coronal plane images) and
lateral-medial (LM, producing a stack of sagittal plane images)
views while their superior-inferior axis was aligned axially (0�),
transversely (90�) or obliquely (23�) to the direction of the
source-detector motion (a total of 6 scans per vertebra) in the scan-
ner (Shimadzu Sonialvision Safire II) (Fig. 1). The oblique case was
considered as a compromise between the axial and transverse ori-
entations as it is possible to position the patients 23� diagonally on
the scan table. The DTS images were reconstructed at 0.279 (SI) �
0.279 (AP or LM, depending on scanning configuration) � 1 (AP or
LM) mm. Following DTS scans, the specimens were scanned using
HRCT with a thin slice protocol and reconstructed at 0.703 (AP) �
0.703 (LM) � 0.75 (SI) mm voxel size (Siemens Sensation 64).
Finally, vertebral bodies were scanned using DXA in AP and LM
views using a fast array lumbar spine protocol (Hologic
Discovery-A), corresponding to a resolution of 0.45 � 0.50 mm.

For analysis of DTS images, a cuboidal volume of interest (VOI),
containing as much cancellous bone as possible, was cropped out
of each image stack. Each VOI was analyzed using the fractal, mean
intercept length (MIL) and line fraction deviation (LFD) methods as
previously described (Kim et al., 2017). In fractal analysis, fractal
dimension (FD), mean lacunarity (k) and slope lacunarity (Sk, slope
of the lacunarity-size scale regression) were calculated. Because
LFD and MIL are measured in all directions in the image plane, a
distribution of LFD and MIL variables were obtained from each
slice in the stack. These distributions were characterized by their
average (Av), standard deviation (SD), maximum (Max) and aniso-
tropy (DA) for each image slice. The distribution of each slice vari-
able within the entire image stack was then characterized by its Av
and SD to obtain the final outcome variables, such as the inter-slice
heterogeneity (SD) of MIL anisotropy, SD(MIL.DA). Based on a scan-
rescan with replacement repeatability study (Supplement 1), vari-
ables that provided better than 20% repeatability as measured by %
rms coefficient of variation (%CVrms) (Baim et al., 2005) were
included as candidate effect variables (Table 1).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jbiomech.2018.08.
019.

Volumetric cancellous and integral (cortical + cancellous) bone
mineral densities (vcBMD and iBMD, respectively) and bone min-
eral contents (vcBMC and iBMC, respectively) were calculated from
HRCT using volume masks separating cortical and cancellous bone
(Buie et al., 2007; Oravec et al., 2015). Areal bone mineral densities
(aBMD.AP and aBMD.LM) and bone mineral contents (aBMC.AP and
aBMC.LM) were calculated from DXA.

Following the imaging studies, a rigid filler material (Bondo;
Bondo Corp., Atlanta, GA) was applied to the vertebral endplates
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Table 1
Initial set of DTS parameters with %CVrms lower than 20% for at least one scan configuration. The shaded cells indicate that the
parameter was excluded due to its repeatability worse than 20% for that configuration. The cell entries are the sign of the estimate from
a mixed regression of wedge strength on the DTS variable followed by R2

adj and the p value. NS: Nonsignificant.
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to provide a uniform contact surface between the vertebral end-
plate surface and the loading platen. A custom potting jig was used
to ensure parallelity of endplates. Specimens were loaded to frac-
ture using a protocol designed to apply non-uniform deformation
that would simulate a wedge fracture, often considered to result
from heavy weight lifting (Fig. 2, Supplement 2). The total applied
displacement was calculated such that the test introduced a mild
wedge fracture with 10% difference in height between posterior
and anterior heights and an overall 25% mean reduction in verte-
bral height, which corresponds to a mild anterior wedge fracture
according to Genant’s criteria (Genant et al., 1993). In short, total
actuator displacement and distance between specimen center
and the hinge point were determined using the undeformed
heights and anterior-posterior widths, which were determined
from CT images. Displacement was applied to the superior end at
a rate of 0.1 mm/sec. Forces were measured at the inferior end
using a triaxial load cell (Futek Advanced Sensor Technology Inc.,
Irvine, CA, USA). The peak supero-inferior load achieved during
the tests was recorded as wedge strength.

Mixed multiple regression models were constructed using for-
ward stepwise procedures, to examine the relationship of wedge
strength with the DTS imaging variables. In order to examine the
contribution of DTS independently from DXA or HRCT based
BMD/BMC variables, the analysis was repeated by forcing the
BMD/BMC variable that was most significantly correlated to wedge
strength. Each scan configuration was examined separately. Mod-
els with high multicolinearity (Variance Inflation Factor �5) were
rejected. Analyses were performed using JMP (v10, SAS Institute,
Cary, NC) and significance was set at p < 0.05.
3. Results

The superior-inferior loads observed under the wedge loading
protocol were orders of magnitude higher than the AP and lateral
loads and exhibited a rise to a peak value followed by a drop and
a subsequent increase upon reaching a densification point
(Fig. 2c), typical of cancellous bone under compression (Gibson,
1985). The wedge strength measured from this protocol ranged
between 717 N and 6535 N (2339 ± 1098 N) for specimens with
BMD.AP and BMD.LM ranging from 0.080 g/cm2 to 0.523 g/cm2

(0.159 ± 0.104 g/cm2) and from 0.108 g/cm2 to 0.884 g/cm2

(0.277 ± 0.175 g/cm2), respectively.
All DXA and HRCT derived BMD and BMC variables positively

correlated with wedge strength (Table 2). BMC and BMD in the
AP view measured from DXA (BMC.AP and BMD.AP) were the most
explanatory bone mass and density parameters, respectively.
Therefore, multiple regression models that examined DTS derived
variables were constructed once forcing BMD.AP and once forcing
BMC.AP in to the model, to gain insight in to the extent to which
bone size plays a role independent from density.

DTS derived Av(FD), Av(Sk), Av(MIL.DA), Av(MIL.SD) and Av
(MIL.Max) correlated with wedge strength, and individually
explained up to 53% variability (Table 1). While correlations
between fractal and strength variables were observed for all con-
figurations, those between MIL and strength were observed for
the transverse scan orientation only.

DTS derived cancellous bone variables contributed to multiple
regression models of wedge strength independently from BMC.AP
and BMD.AP (Table 3). Models constructed using DTS variables



Fig. 2. (a) The wedge loading apparatus applied a prescribed displacement via a ball transfer to the surface of a flat beam lever at a specimen-specific distance from a fixed
hinge, yielding a mild wedge deformation with overall 25% reduction in vertebral body height. (b) Close-up view of a deformed human vertebral body after wedge loading. (c)
Typical plot of superoinferior (SI), anteroposterior (AP) and mediolateral (LM) loads vs. time simultaneously recorded during wedge loading (T11, 63 year old male).

Table 2
Summary of the relationships between wedge strength and bone density/mass measurements.

Modality Parameter Parameter description Trend R2 R2
adj p <

DXA BMC.AP AP view + 0.853 0.849 0.0001
BMC.LM LM view + 0.836 0.832 0.0001
BMD.AP AP view + 0.793 0.787 0.0001
BMD.LM LM view + 0.739 0.732 0.0001

HRCT iBMC Integral cancellous + shell + 0.763 0.757 0.0001
vcBMC Cancellous volumetric + 0.778 0.773 0.0001
iBMD Integral cancellous + shell + 0.702 0.694 0.0001
vcBMD Cancellous volumetric + 0.659 0.650 0.0003

Table 3
Summary of the most explanatory mixed multiple regression models of ‘‘wedge” strength for each DTS scan configuration. Each cell shows R2

adj followed by the predictor(s) in the
model (sign of estimate, parameter name, p-value in each row). In ‘‘DXA + DTS” models, BMC.AP or BMD.AP was introduced first and forced to stay in each model.

DXA + DTS (BMC) DXA + DTS (BMD) DTS only

AP (Anterior-posterior view – coronal plane) Oblique (23�) R2
adj = 0.85

BMC.AP only
R2
adj = 0.83

(+) BMD.AP (<0.0001)(+)
(+) Av(FD) (<0.02)

R2
adj = 0.49

(�) Av(Sk) (<0.005)

Axial (0�) R2
adj = 0.85

BMC.AP only
R2
adj = 0.79

BMD.AP only
R2
adj = 0.53

(�) Av(Sk) (<0.008)
(+) Av(k) (<0.05)

Transverse (90�) R2
adj = 0.91

(+) BMC.AP (<0.0001)
(�) Av(MIL.Max) (<0.006)
(+) Av(k) (<0.02)

R2
adj = 0.86

(+) BMD.AP (<0.0001)
(�) Av(MIL.Max) (<0.009)
(+) Av(k) (<0.04)

R2
adj = 0.68

(�) Av(Sk) (<0.04)
(+) SD(MIL.DA) (<0.0006)
(�) Av(MIL.DA) (<0.007)

LM (Lateral-medial view – sagittal plane) Oblique (23�) R2
adj = 0.87

(+) BMC.AP (<0.0001)
(+) Av(FD) (<0.04)

R2
adj = 0.84

(+) BMD.AP (<0.0001)
(+) Av(FD) (<0.009)

R2
adj = 0.44

(+) Av(FD) (<0.03)

Axial (0�) R2
adj = 0.88

(+) BMC.AP (<0.0001)
(+) Av(FD) (<0.02)

R2
adj = 0.85

(+) BMD.AP (<0.0001)
(+) Av(FD) (<0.003)

R2
adj = 0.52

(+) Av(FD) (<0.004)
(+) Av(k) (<0.04)

Transverse (90�) R2
adj = 0.88

(+) BMC.AP (<0.0001)
(+) Av(FD) (<0.02)

R2
adj = 0.85

(+) BMD.AP (<0.0001)
(+) Av(FD) (<0.003)

R2
adj = 0.53

(�) Av(Sk) (<0.004)
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from transverse scan orientation in AP view were more explana-
tory than others. Significant models could be constructed using
multiple variables derived from DTS alone, albeit with less
explanatory capability than those including BMC or BMD (Table 3).
The model from a transverse scan orientation in the AP view
resulted in highest explanatory capability (Fig. 3a). Axial scan ori-
entation in the LM view offered an alternative (Fig. 3b). Av(FD) as
measured from the LM view was consistently present in models
containing BMC or BMD, and positively associated with wedge
strength. Av(Sk) was consistently present in DTS-only models and
negatively associated with wedge strength.
4. Discussion

This study investigated the relationships between textural
properties of cancellous bone derived from digital tomosynthesis
images of the vertebra and vertebral strength measured under a
loading protocol that introduces a wedge deformity that is mor-
phologically consistent with clinically observed anterior wedge
fractures. We demonstrated that a set of cancellous bone textural
properties that are significantly associated with vertebral wedge
strength independently from bone mass or density can be derived
from DTS.

Strength properties of vertebral bodies under wedge loading are
generally less well studied compared to vertebral strength under
uniform compression. Experimental methods used for creating a
wedge deformity in previous studies include using nonuniformly
Fig. 3. (a) Actual vs predicted wedge strength from the model including BMC, and
DTS variables derived from the scans obtained using the AP-view/transverse-
orientation configuration (AP-Tr). (b) Actual vs predicted wedge strength from the
model including BMC, and DTS variables derived from the scans obtained using the
LM-view/axial-orientation configuration (LM-Ax). RMSE = Root mean square error
associated with the model.
shaped loading platens (Granhed et al., 1989; McDonnell et al.,
2010), multi-arm hydraulic systems (Whealan et al., 2000), ball-
joint apparatuses within a test machine (Dall’Ara et al., 2010), a
wire or a padded pendulum system to apply moment on a func-
tional unit (Osvalder et al., 1990, 1993), and robotic arms
(Buckley et al., 2007). We used a custom built system to introduce
a wedge deformity that is morphologically consistent with clini-
cally observed anterior wedge fractures. The wedge strength val-
ues measured using our protocol are consistent with those
measured from individual vertebrae using similar apparatuses in
a materials test machine (Dall’Ara et al., 2010) or a robotic arm
(Buckley et al., 2007). We focused on the superoinferior loads
due to their considerably larger magnitude than that of the antero-
posterior and mediolateral loads. Further consideration to the tim-
ing of load events in different axes may reveal additional insight
into the failure mechanisms in wedge fractures; however, this
was outside the scope of the current work.

As might be expected, wedge strength was strongly associated
with BMD. An even stronger association was with BMC, consistent
with previous studies that examined wedge strength (Granhed
et al., 1989; Hansson and Roos, 1981; Osvalder et al., 1990,
1993), indicating a small but potentially significant contribution
of bone size and geometry, specifically antero-posterior depth of
a vertebra (Crawford and Keaveny, 2004), to wedge strength. Given
these relationships, the room for improvement by assessment of
cancellous bone texture appears to be small. However, it should
be noted that the primary purpose of the multivariable models is
to test whether the effect of DTS-derived variables on wedge
strength is significant independently from density. The R2

adj values
calculated for mixed models, although useful for comparing one
model to another within the same framework, may not accurately
reflect the variability explained by the nonrandom effect variables
alone. For example, it can be estimated (Kramer, 2005) that approx-
imately 75.2% explained variability may be attributable to BMC.AP in
the BMC-only model (as opposed to 85.3% for the full model; Table 2)
but the portion of the explained variability attributable to fixed
effects increases when DTS variables are introduced into the model
(approaching the values for full models in Table 3). As such, the com-
plementary value of DTS for prediction of vertebral wedge strength
and assessment of fracture risk in conjunction with DXAmay be clin-
ically significant as well.

Interestingly, wedge strength generally increased with increas-
ing FD, k and with decreasing Sk (Table 3). Higher values of FD and
k represent more complex and heterogeneous texture. Higher val-
ues of Sk indicate that the heterogeneity diminishes with increas-
ing size scale. This would happen if the spatial distribution of the
heterogeneous values is relatively uniform. Conversely, smaller
values of Sk indicate that heterogeneity is maintained through
increasing size scales, and this would happen if the extreme values
of texture are spatially clustered. Additionally, higher wedge
strength was associated with smaller Av but higher SD of MIL.
DA. Together, these results suggest that higher wedge strength val-
ues are associated with greater texture complexity and with
nonuniform distributions of trabecular material and orientation.
This is unlike the uniaxial case, where heterogeneity and isotropy
of the structure is expected to reduce stiffness and strength
(Fields et al., 2009; Yeh and Keaveny, 1999; Yeni et al., 2011). A
more uniform distribution of stresses, consequently maximization
of stiffness and yield strength (Rozvany, 1997), is likely more
achievable with a well oriented microstructure and homogenous
morphologic properties of trabecular members for uniaxial loading
(Fazekas et al., 2002). Whereas the increased complexity and
heterogeneity of the cancellous microstructure may represent an
adequate distribution of bone material to resist nonuniform loads,
such as those encountered during weight lifting activities, thus
positively contribute to wedge strength for a given bone mass.
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In the presence of BMC information, DTS performed in trans-
verse scan orientation in an AP view or in any orientation in an
LM view offers additional information associated with wedge
strength. Differences between scan configurations may be attribu-
table to the anisotropic resolution and directional sensitivity of the
DTS system (Kim et al., 2017; Notohara et al., 2009; Oravec et al.,
2015). For example, a more detailed distribution of the structure
in the antero-posterior direction is obtained in the sagittal planes
imaged with the LM view, whereas a more detailed distribution
of the structure in the lateral–medial direction is obtained in the
coronal planes imaged with the AP view. Most scanner geometries
are not suitable for in vivo scanning in a sweep orientation trans-
verse to the spinal axis, although systems that can do this are
entirely conceivable (e.g. Jing et al., 2007). DTS scanning is most
common in an AP view in clinical practice. However, there is no
difficulty in positioning a patient for a scan in an LM view, though
this may require adjusting radiation exposure. As such, in the
absence of capability for transverse sweep, a scan with axial sweep
orientation in an LM view is a viable option.

The limitations of the current study include the initially large
number of candidate variables derived from DTS. Results from
micro-CT studies suggest that one set of variables that might be
expected to contribute to bone strength independently from bone
density includes metrics of microstructural heterogeneity, aniso-
tropy and connectivity (Yeni et al., 2011). Accordingly, the vari-
ables quantified from DTS are generally metrics of orientation
and heterogeneity. However, due to the nature of the calculation
methods, the DTS derived variables did not have a one to one cor-
respondence with those typically quantified from micro-CT, and
there were several with overlapping physical interpretation. We
used criteria such as repeatability and multicollinearity so as to
reduce their numbers and select a relatively robust set of variables.
Nonetheless, further studies would be needed to establish the clin-
ical value of the variables identified here in a somewhat explora-
tory fashion.

Another limitation is the use of vertebral bodies without poste-
rior elements in DXA scans. This was necessary as vertebral bodies
were not consistently available with intact posterior elements.
BMD values measured with this protocol were lower than refer-
ence values established for in vivo scans (Mazess and Barden,
1999); nevertheless, they were consistent with results of other
cadaver studies (Ebbesen et al., 1998; Perilli et al., 2012). Although
DXA based BMD and BMC values are different with and without
posterior elements, measurements with intact posterior elements
are highly correlated with those without, at least in our own stud-
ies (R2 = 0.85–0.91, n = 60; unpublished data), supporting the
validity of the current measurements. From a mechanical perspec-
tive, it is estimated that up to 35% of the applied compressive force
is shared by facet joints during uniform compression of the L4-L5
segment (Adams and Hutton, 1980; Najarian et al., 2005); this con-
tribution is expected to be lower in anterior bending, and almost
nonexistent at levels above L5 (Adams and Hutton, 1980). Consid-
ering that osteoporotic fractures almost exclusively present in the
vertebral body, removing posterior elements allows examination
of the vertebral body integrity in isolation. In addition, the
mechanical loading system was designed to deliver a prescribed
wedge deformation to the vertebral body, representing the com-
bined effect of the excluded posterior structures on the vertebral
body boundaries. We believe exclusion of posterior elements
under the current imaging and mechanical test protocols is an
acceptable limitation.

It should be noted that vertebral bodies would be more accu-
rately measured without the posterior elements in DXA. The lack
of tissue and calcified structures with varying density in the path
of X-ray beams which would be encountered in an in vivo scan,
together with lack of posterior elements, likely resulted in a higher
correlation of BMD and BMC with vertebral strength than would be
otherwise. Higher correlation of vertebral strength with DXA- than
with CT-derived densities has been observed previously in experi-
ments utilizing similar cadaveric models (Ebbesen et al., 1999). As
such, DTS was likely tested in comparison with a more challenging
DXA standard than would be encountered clinically. Alternatively,
DXA could be omitted and CT based volumetric BMD and BMC
could be used as standards, but we preferred not to given that CT
provided weaker correlates than DXA.

There is increasing interest in opportunistic use of CT images
(Pickhardt et al., 2013) for measuring BMD and so the performance
of HRCT derived BMD metrics was considered to be of direct clin-
ical interest. HRCT variables beyond BMD and BMC could also be
derived, including those that quantify texture (Dougherty and
Henebry, 2001; Majumdar et al., 1993). Comparing texture metrics
between DTS and HRCT could be interesting; however, differences
in planes of high resolution between the two modalities would
complicate interpretation. It must be noted that there would still
be concern with routine use of CT imaging for the purpose of bone
measurements due to radiation exposure. As such, a detailed
examination of HRCT derived texture variables was beyond the
scope of the presented work.

In conclusion, this is the first study, to our knowledge, demon-
strating quantitative relationships between DTS derived fractal,
MIL and LFD parameters and in vitro vertebral strength under
wedge loading. We also identified features of bone microstructure
that potentially have a distinct role in anterior wedge fractures.
The extent to which DTS variables that were found to contribute
to wedge strength enhance clinical assessment of vertebral bone
quality and fracture risk remains to be determined. In vitro exper-
iments with higher levels of anatomic complexity such as full
cadavers and in vivo imaging should be considered in the next
stage of this research.
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