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Abstract
Recent advances in micro-magnetic resonance imaging (μMRI) now allow noninvasive
assessment of mechanical properties of trabecular bone (TB) in vivo by micro finite-element
analysis. The first aim of this work was to address the implications of limited resolution and
signal-to-noise ratio on elastic properties of TB derived under conditions of in vivo imaging via
simulation at various resolutions and noise levels on the basis of models derived from μCT images
at 21μm isotropic voxel size from cores of cadaveric human TB (N=13) from three anatomic sites.
The second aim was to compare how elastic constants derived from actual MR images at 9.4 Tesla
at 50μm isotropic voxel size compare with those from high-resolution μCT. Elastic moduli
computed from simulated “in vivo” μMR images were highly correlated with those obtained from
μCT (R2=0.99) and the data were relatively immune to noise. Correlations of similar strength were
obtained between estimated moduli from μCT and acquired high-field MR images. Systematic
errors manifesting in significant deviations of the slopes from unity are caused by higher apparent
bone-volume fraction of the MR images but can potentially be corrected with appropriate
histogram-standardization techniques.
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Introduction
Currently, bone mineral density (BMD), measured by dual-energy X-ray absorptiometry
(DXA), is the accepted method for prediction of fracture risk of bone.1 However, it has been
increasingly recognized that properties of TB other than bone mass, in particular
microstructure, also contribute to fracture risk.2 Studies of mechanical properties of TB
have shown variations as high as 50% for bone with similar bone volume fraction (BV/TV).
3
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Advances in imaging technology, notably high-resolution MRI (μMRI) and peripheral
quantitative CT (HR-pQCT), now permit acquisition of images at peripheral locations such
as the distal radius,4-6 distal tibia4-6 or calcaneus 7,8 at resolutions adequate to at least
partially resolve the TB network. High-resolution imaging in conjunction with image-based
finite-element (FE) analysis techniques has shown great potential for estimating mechanical
properties of TB.9-11 Recently, image-based FE analysis of the hip,12 calcaneus,13 and
distal tibia14 from patients who had undergone treatment, showed significant improvements
in mechanical properties despite undetectable changes in either BMD or BV/TV. However,
it should be noted that these analysis were based on images with partially resolved TB
network showing density variations.

In principle, FE techniques can be applied to images derived from any imaging modality;
but so far most work has been done on the basis of μCT images,15 but more recently μMR
has been used to generate FE meshes 14,16,17. For FE analysis linear resolutions at least on
the order of trabecular thickness are desirable for faithful representation of the TB network.
18 In μMRI the resolution attainable in vivo is limited by the achievable signal-to-noise ratio
(SNR), whereas in μCT resolution is radiation dose limited. In μMRI, voxel sizes used in
recent work range from 137×137×350 μm3 to 172×172×700 μm3.7,19,20 In HR-pQCT
voxel sizes are smaller,5,21,22 typically on the order of 80×80×80 μm3. In MRI the width of
the point spread function (PSF), which determines resolution, is about 20% greater than the
linear dimensions of the imaging voxel.23 In CT, however, the PSF is usually considerably
larger than the voxel dimension 24 and the actual resolution of HR-pQCT is thus
substantially lower than 80μm.

Micro-MR images of TB are fundamentally different from μCT images. In MRI bone
appears dark due to the limited detectability and relatively low abundance of protons in
bone. On the other hand, the protons in bone marrow provide a strong signal of sufficient
life time (T2 ∼ 50 ms) to permit spatial encoding under ordinary scanning conditions.25
However, trabeculae appear larger than in μCT images due to susceptibility discontinuity-
induced artifacts resulting in some overestimation of BV/TV.26,27 While the feasibility of
estimating elastic moduli based on high-resolution μCT is well established, the implications
of limited SNR and resolution on Young’s and shear moduli derived from μMRI-based FE
analysis has not previously been investigated.

The objectives of the present work were twofold. The first was to isolate the role of
resolution and SNR from modality-specific effects, such as susceptibility boundary effects,
on elastic moduli of TB estimated from FE analysis using simulated μMR images. The
second objective was to compare elastic properties estimated from FE analysis of actual MR
images obtained at 400 MHz (9.4 Tesla) at voxel sizes similar to those achievable by μCT
scanning with those obtained from μCT images.

Methods
Trabecular bone sample preparation

Thirteen TB samples (7 proximal femora, 3 proximal tibiae, and 3 third lumbar vertebrae)
were extracted from fresh frozen human cadavers (6 male, 1 female; ages 44-69 years).
Cylindrical samples (5.2 mm diameter and 30 mm length) were cored (Core Drills 102057;
Starlite, Rosemont, PA) along the superior—inferior direction for vertebral bodies and along
principal trabecular orientation for femora and tibiae with marrow in situ following
previously published protocols.28 Subsequently, bone marrow was removed with repeated
use of a water jet. De-marrowed specimens were kept hydrated, wrapped in gauze, and
stored at -20°C in air-tight containers until use.
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Micro-CT Imaging
After thawing at room temperature, the cylindrical specimens were aligned and stabilized
with wet gauzes in a 15-ml centrifuge tube along their longitudinal axis. Subsequently, the
specimen was inserted into the specimen holder of a μCT system (vivaCT 40; SCANCO
Medical, Bassersdorf, Switzerland). The central 15 mm of the 30 mm length was scanned at
21-μm nominal isotropic voxel size (55 kVp, 109 μA, 290 ms integration time).

Simulation of “in vivo” μMRI
To evaluate the dependence of elastic properties on resolution and SNR, μMR images were
simulated on the basis of segmented μCT images serving as an approximation to the ground
truth (Figure 1). For this purpose the μCT images were first binarized with a threshold set at
the mid-point of the two modes (bone and background) of the histogram. Since in MRI the
signal-producing entity is bone marrow, zero and maximum intensity were assigned to the
bone and marrow phases, respectively. The resulting binary systems were then Fourier
inverted to yield spatial frequency domain (k-space) data and low-pass filtered so as to
provide, after inverse Fourier transformation, two sets of images with anisotropic
(126×126×396 μm3) and isotropic (126×126×126 μm3) voxel size. The former is close to
the image voxel size achieved in vivo at peripheral locations 4 and the feasibility of isotropic
resolution has recently been demonstrated.29 Gaussian-distributed random numbers with
standard deviation σ were added to the real and imaginary parts of the k-space data sets.
Subsequently, the absolute values of the noisy images were computed, thereby converting
Gaussian to Rician noise, 30 the type of noise found in MR images. The σ values were
chosen to yield the desired image SNR (defined as the ratio between the mean marrow
intensity and σ) ranging from 6 to 14, a range typical of in vivo μMR images of TB. 23
These simulated “μMR images” were subvoxel processed 31 (an algorithm used to enhance
the apparent resolution of in vivo μMR images), and segmented at constant threshold.
Finally, identical ROIs (∼ 4×4×4 mm3) were automatically extracted from both binarized
μCT and simulated μMR images for FE analysis.

MR imaging
The specimen cores were immersed in water doped with 1-mM Gd-DTPA to shorten the
longitudinal relaxation time to about 300 ms, consistent with fatty marrow 26 (the
specimens cannot be imaged with marrow in place since air inclusions would cause
artifacts).25 The samples were then individually centrifuged at 2000 rpm for 5 minutes to
remove remaining air trapped in the inter-trabecular spaces. 3D MR images were acquired

on a 9.4 T (400 MHz) μMRI system (Bruker DMX 400; Billerica, MA) at  isotropic
voxel size using a 3D spin-echo pulse sequence with TE = 15 ms, TR = 107 ms, FOV =
6.4×6.4×25.6 mm3, and scan time ∼ 2 hours. The chosen voxel size is about twice that of the
μCT images but is the smallest achievable in realistic scan times. (A further reduction by a
factor of 2 in all three linear dimensions would increase the scan time 64-fold to achieve the
same SNR).

Finite-element analysis
Binarized common ROIs from μMR, simulated μMR, and μCT images were used to
calculate elastic material constants (three Young’s moduli, E11, E22, E33 and three shear
moduli, G23, G31, G12) using a previously published FE algorithm.14,32 The bone tissue
properties were chosen as homogeneous, isotropic, and linearly elastic with a Young’s
modulus of 15 GPa and a Poisson’s ratio of 0.3 assigned to each FE. Six FE analyses were
performed for each image, representing three uniaxial compression tests and three shear
tests.32,33 The overall stiffness tensor was first calculated in terms of the original image
coordinate system (X1, X2, and X3) in which X3 coincided with the physical axis of the
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specimen. By contrast, X1 and X2 were chosen arbitrarily since anterior-posterior or medio-
lateral orientation had not been retained. Subsequently, the principal directions of the
stiffness matrix were calculated by minimizing off-diagonal elements yielding a new
principal coordinate system that parallels the direction of the mechanical eigenvectors (x1,
x2, and x3). The transformed stiffness matrix was used to estimate E11, E22, and E33. The
elastic material constants were sorted with E11 representing the smallest and E33 the largest
modulus (E33 > E22 > E11).13

Processing of μCT and MR images
Figure 2 describes the preprocessing steps needed to select common ROIs from the MR and
μCT images for FE analysis. The 3D gray-scale μCT images were binarized as described
before. The voxel-based representation of the TB network resulting from these binary
images served as ground-truth reference for comparison with MR images. To minimize the
bias due to resolution, the MR images were resampled to μCT voxel size by 3D cubic
interpolation. The resulting MR images can be segmented analogous to the μCT images by
selecting a threshold between the two modes. However, direct binarization of grayscale MR
images typically results in apparent thickening of trabeculae compared to μCT images due to
overestimation of BV/TV resulting from susceptibility broadening. The binarization is
further complicated by the relatively wide range of histogram means found for both bone
(and “marrow”) intensities. A histogram-standardization technique was therefore used to
transform the mean intensities to common values (for details see Appendix A). The
binarization of the transformed images was achieved by setting a common threshold
between the two peaks of the histogram. The threshold value determines the slope of the
regression of BV/TV derived from MR and μCT images. For this study, a threshold was
selected such that the slope ∼ 1. After resampling the MR images to μCT voxel size, rigid-
body registration was performed using an automatic registration technique developed in the
authors’ laboratory. 34 The details and the performance of this registration technique are
described in Appendix B. Three sets of common ROIs (4×4×4 mm3) were then extracted
from each MR and μCT image for μFE and architectural analysis, the latter comprising
trabecular thickness (Tb.Th*), trabecular separation (Tb.Sp*), and trabecular number
(Tb.N*).

Results
Elastic properties of TB derived from simulated “in-vivo” μMRI

Figure 3 shows the effect of resolution on the correlation between elastic moduli derived
from μCT and simulated “in vivo” μMR images. Strong correlations were obtained for both
anisotropic (126×126×396 μm3) and isotropic (126×126×126 μm3) voxels size. It is noted
that isotropic voxel size yielded slope and intercept closer to the expected ideal value
compared to the anisotropic voxel size for five of the parameters, except for E33. For E33
both slopes were close to unity. Small non-zero y-intercepts were noted for all elastic
constants at isotropic voxel (all p<0.01) size while only E33 and G31 differed significantly at
anisotropic voxel size (p<0.01).

Figure 4 shows the effect of noise on elastic properties derived from simulated μMR images.
The estimated moduli were found to be stable and close to those of the noiseless values
(SNR = ∞) for SNR ranging from 6-14. However, the elastic moduli become increasingly
underestimated with decreasing SNR in a predictable manner, a trend observed for all six
parameters.
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Trabecular bone mechanical and architectural constants derived from actual MR and μCT
Images

The registration 34 between μCT and MR images produced closely matched ROIs
(Appendix B) even when the images differ considerably due to modality-specific variations
in the representation of the structure, for example susceptibility-induced broadening of the
trabeculae in MRI.35 The correlation of BV/TV derived from MR and μCT images is shown
in Figure 5. Direct binarization of MR images using the mid-point of the mean bone and
“marrow” intensities as the threshold (i.e., without histogram standardization), resulted in
overestimation of BV/TV compared to reference μCT values, with a slope of 1.61. The
histogram standardization followed by binarization with a common threshold resulted in a
correlation with slope 1.02. The range of BV/TV for the 30 data sets was wide (0.06-0.39)
and non-uniformly distributed.

Figure 6 shows the results of inter-modality correlations of elastic moduli derived by μFE
analysis. The correlations were strong (R2 ranging from 0.90 to 0.93) with slopes close to
unity for all six moduli with non-significant y-intercepts, except for E33 and G31 derived
from histogram corrected images (p<0.05). Architectural parameters were also highly
correlated between the two modalities (R2 ranging from 0.78 to 0.97). Histogram
standardization caused the slope for Tb.Th* to decrease to 0.91 from 2.1 but did not affect
those of the other parameters significantly (Table 1).

Discussion
While μMR images acquired in vivo from patients have recently been used as input to FE
solvers 14, the effect of limited resolution and SNR on the derived parameters had not
previously been investigated. Similarly, imaging modality-specific effects on mechanical
parameters derived from ROI-matched μCT and MR images at similar resolution had not
previously been reported. The present data show that variations in SNR and effective image
resolution produce systematic errors in the computed mechanical parameters. There is
currently no standard for image resolution in μMRI of TB in vivo. Image voxel sizes used
range from 172×172×700μm3 19 to 137×137×350μm3 20 for structural studies in the distal
extremities, with typical scan times on the order of 15 minutes. Our data show that the
correlations between μCT and simulated μMR-based elastic parameters improve at isotropic
voxel sizes as opposed to the more commonly used anisotropic voxel sizes (generally
dictated by SNR limitations). The improved accuracy is attributed to the more faithful
representation of transverse trabeculae (i.e. those perpendicular to the bone’s macroscopic
anatomic axis), which, of course, play a critical role for loading in transverse direction. We
note in Figure 3 that the deviation in the slope from unity for correlations between moduli
obtained from simulated “in-vivo” resolution MR images and those derived from high-
resolution μCT images depends on the direction of loading. The deviation is less for E33
(longitudinal loading direction) than for E11 and E22 (transverse loading directions). This
finding is plausible since E33 is largely determined by trabeculae oriented along the
direction perpendicular to the imaging slice, thus increased slice thickness will not
substantially affect recovery of these trabeculae.

The chosen SNR range (6-14) for the simulations of the in-vivo regime of TB imaging is
realistic for the resolutions at which clinical studies have been performed in the authors’
laboratory.36 The data suggest that while the linear relations between “ground-truth”
remains intact, the elastic moduli become increasingly underestimated with decreasing SNR,
a trend observed for all six parameters. Increasing noise levels in images can result in
artifactual erosion leading to apparent disconnection of TB rods after binarization, thereby
causing a reduction in the estimated parameter values. Nevertheless, the high correlation
between elastic parameters derived from μCT and simulated μMR data under realistic
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resolutions and noise levels suggests the potential for estimating mechanical moduli on the
basis of in vivo μMR images, thereby circumventing the need of deriving architectural
parameters as surrogates of mechanical parameters.

Mechanical (and architectural) parameters derived from high-field μMRI and high-
resolution μCT were highly correlated with a slope close to unity. The observed level of
correlation suggests the overall topology of the trabecular network to be largely preserved in
the MR images in spite of their lower spatial resolution and artifacts from locally induced
inhomogeneous fields resulting from magnetic susceptibility effects at the bone-marrow
interface.35,37 The results also show that histogram standardization is essential, in
particular for MR images. The proposed simple method is based on mapping the mean
intensities of bone and “marrow” of the bimodal histogram to common values, thereby
allowing choice of a single threshold for binarization of the MR images, even in the absence
of the corresponding micro-CT images. For a given field strength, the threshold can be
empirically chosen to yield a slope of unity for the regression between BV/TV calculated
from μMR and μCT images. Without histogram standardization, the estimated mechanical
constants will be overestimated (by a factor of 1.8-2.7 according to Figure 6) due to the
systematic overestimation of the BV/TV (by a factor of 1.6 according to Figure 5). These
values are in agreement with the previously established power (∼square) law relation
between BV/TV and elastic moduli.38 Lastly, histogram standardization also improved the
agreement between μMR and μCT derived architectural parameters, in particular for Tb.Th*
(Table 1).

This study has some limitations. While the simulations of MR images on the basis of
binarized high-resolution μCT images are realistic in terms of the noise and point-spread
function behavior of MR images, they of course do not capture other modality-specific
effects, in particular susceptibility boundary effects. However, these effects are less severe at
clinical field strengths (1.5T and, more recently, 3T) at which TB imaging is typically
performed. As far as the comparison between acquired μMR and μCT images is concerned,
these effects are exacerbated by gadolinium doping, which causes a slight increase in the
bone -“bone marrow” susceptibility difference.37 In addition, even very small air inclusions
in the marrow spaces (difficult to remove with centrifugation) can give rise to artifacts in the
MR images since the susceptibility of air differs from that of water by 9 ppm.39 We do not
know the effective resolution of the μCT images (resolution in μCT is determined, among
other parameters, by the focal spot of the X-ray tube). In terms of voxel size the μMR
images in the present study was larger by a factor of two in all three spatial dimensions.
However, matching the MR to the CT voxel size would have increased scan time by over
two orders of magnitude to achieve comparable SNR, which would have been impractical.
Nevertheless, in spite of these complicating factors we found the level of agreement between
the two modalities remarkable.

In conclusion, this work shows that mechanical constants derived from relatively low-
resolution images and in the presence of noise -- both characteristic of in vivo MRI -- are
highly correlated with those obtained at μCT resolution. Further, within the range of SNR
achievable in vivo, the derived elastic constants are remarkably immune to noise. Similarly,
relative elastic moduli derived from acquired high-resolution μMR images compare
favorably with those obtained from μCT. Systematic errors manifesting in deviations of the
slope of the correlations from unity are largely explained by differences in apparent
trabecular volume fraction for the two modalities. In summary, it is concluded that FE
models constructed from images at in vivo resolution and SNR may be useful for prediction
of the bone’s mechanical behavior in patient studies.
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Appendix A

Histogram Standardization
Let Ibefore and Iafter represent the intensities of a given voxel in an image before and after
histogram standardization, respectively. Then, Iafter can be calculated by the transformation
given by

where <…> represents the mean intensity of bone (or marrow) in the image before and after
his histogram standardization. The values of  and  can be automatically
estimated based on the histogram before transformation and  and  can be set
as desired. For this study,  and  were chosen as the median of mean
intensity values of bone and marrow, respectively, in all 10 images. The application of the
histogram standardization to all the grayscale MR images, with intensity range 0-255, thus
transformed the mean intensity of bone and marrow to  and , respectively.
The standardization technique effectively transformed the mean intensity of bone (and
marrow) of all the images to a fixed value thereby enabling common threshold selection for
segmentation (Figure A1).

Figure A1.
The histograms of MR images (a) before and (b) after histogram standardization.

Appendix B

Performance of the registration algorithm
Figure B1 summarizes the registration results obtained with the TB images, where close
alignment of MR and μCT images are visually evident, a trend observed for all the images.
The voxel overlap between MR and μCT images improved considerably for most images
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after the co-registration. Considerable MR-image distortion due to air inclusions and
residual bone marrow resulted in a low voxel overlap for specimen 7. However, the voxel
overlap was still improved after registration.

Figure B1.
Voxel overlap between the μCT and registered MR images; (a) example mid-slice from a
μCT (red) and MR (green) images overlaid onto each other with yellow representing the
regions of overlap between the μCT and MR images; (b) comparison of voxel-overlap
before and after registration for ten 3D TB specimen images ( ) before and ( ) after
registration.
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Figure 1.
Illustration of the image acquisition, processing, and analysis flow: a) μCT image from a
distal tibia specimen (21×21×21 μm3 voxel size); b) segmented and intensity inverted to
mimic μMRI; (c) k-space magnitude map after 3D FFT and addition of noise with central
region indicated; (d) low-pass filtered to reduce spatial resolution; (e) 3D inverse FFT to
produce an image with in-vivo μMRI characteristics; f) subvoxel processed; g) segmented
for μFE analysis.
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Figure 2.
Processing steps used to extract TB volumes from MR images that correspond to matching
μCT image volumes for μFE analysis. Acquired MR images were resampled to μCT voxel
size and BV/TV corrected prior to segmentation. Segmented MR and μCT images were
registered and regions of interest were extracted for μFE analysis.
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Figure 3.
Elastic moduli (MPa) derived from simulated μMR images at voxel sizes characteristic of
in-vivo TB imaging versus those obtained from μCT data: ( ) 126×126×126 μm3, ( )
126×126×396 μm3 voxel size.
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Figure 4.
Correlation of the elastic moduli (MPa) derived from simulated μMR images at SNR=∞
with those at SNR = 14 ( ), 10 ( ), and 6 ( ) at 126×126×396 μm3 voxel size. Dotted line
represents the line of identity.
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Figure 5.
Comparison of BV/TV computed from 9.4 T images at 50×50×50 μm3 voxel size with those
derived from μCT images at 21×21×21 μm3 voxel size ( ) with and ( ) without histogram
standardization.
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Figure 6.
Comparison of elastic moduli (MPa) computed on the basis of μMR 9.4 T images at
50×50×50 μm3 voxel size with those derived from μCT images at 21×21×21 μm3 voxel size,
with ( ) and without ( ) histogram standardization.
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