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Background 
Trabecular bone structure is of vital interest in the diagnosis and treatment of such bone disorders as osteoporosis.  While bone mineral density (BMD), measured via 
dual x-ray absorptiometry (DXA), is the largest contributor to fracture risk, it is well known that structural issues contribute significantly as well[1, 2].  Trabecular bone 
specimens consist of a combination of rods and plates, and their mechanical strength is crucially dependent on their topology and anisotropy.  A common 
characterization of bone architecture is microscopic computed tomography (µCT)[3].  A variety of MR methods have also been reported in vitro and in vivo, from pure 
linewidth or T2� [4] to high resolution microimaging[5, 6] to inter-molecular multiple quantum effects [7, 8].  In this work, we demonstrate a novel approach in which 
concrete geometrical information (specifically, a projected surface-to-volume ratio, S/V) is derived from MR diffusion measurements without the need of a high 
resolution image.  The first technique uses the decay from diffusion in the internal field (DDIF)[9], i.e. internal field gradients within the trabecular bone are used to 
encode diffusive decay.  The second technique measures time-dependent diffusion coefficients (D(t)) with pulsed field gradients (PFG)[10].   
Methods 
Eighteen bovine trabecular bone specimens were excised, and their marrow was removed and replaced with tap water.  The samples were characterized with mechanical 
testing, microscopic computed tomography (µCT), and diffusion-based MR. Yield stress and bulk modulus were measured from a stress-strain curve of uniaxial 
compression.  µCT images were collected for each sample (diameter~7 mm, length 8 mm) with a 34-µm 3D isotropic resolution.  Two scalar parameters were 
calculated from the µCT images: (1) a projected (S/V)z and (2) the mean intercept length (MIL) along the 3 Cartesian axes.  1H MR experiments were performed at 85 
MHz (2 T) in a Nalorac superconducting magnet with a Bruker Biospec spectrometer and 3-axis gradient set (Gmax = 1 T/m).  The static field was applied along the 
cylindrical axis (z).  DDIF data were obtained from a series of stimulated echoes with diffusion times from 1 ms to 10 s.  A DDIF spectrum was generated through 
Laplace inversion [11].  PFG D(t) data were acquired with a 5 pulse (13 interval) stimulated echo sequence with internal field compensation[12], with applied gradients 
along 2 directions: one along the longitudinal axis (z), and one transverse to it (y).  Diffusion times ranged from 200 ms to 3 s.  For each sample and gradient direction, 
the set of time-dependent diffusion data D(t) was analyzed to obtain the S/V projected along that direction.  Finally, a numerical calculation of the internal magnetic 
field was performed using the µCT images.  The applied field was oriented along the longitudinal axis (z) in these calculations.  
Results 
Figure 1 shows µCT and MR results from the bone samples as a function of yield stress(YS).  The images show 3D renderings of trabecular surfaces from cubical 
portions (2 mm x 2 mm x 2 mm) of the µCT images of several samples, demonstrating a progression from a network of rods (bottom left) to entangled rods and plates 
(top left) to highly oriented plates (top right).  Also, isosurfaces of the internal magnetic field at 13 ppm above the applied field are shown (red) along with the structural 
images. The quantitative results from the diffusion-based NMR experiments (DDIF and D(t)) are as follows.  The fast decaying portion of the DDIF distribution (20 ms 
< T < 0.5 s) was integrated to represent fast decay modes in each sample.  This integral shows a gradual rise for weak bones, reaching a maximum at YS=6 MPa, and 
then decreases as the bones become stronger. The (S/V)PFG,z data derived from D(t) show an identical dependence on YS indicating that DDIF also measures S/V.  From 
D(t) along two directions, structural anisotropy can be determined accurately. The weakest sample shows a low and isotropic S/V.  The intermediate sample shows a 
high S/V with moderate anisotropy.  The strongest sample shows a high S/V and high anisotropy.  Both DDIF and  (S/V)PFG,z show the same non-monotonic behavior, 
with a maximum near YS=6.0 MPa, whereas (S/V)PFG,y saturates at a constant value above that stress level.  (S/V) and MIL derived from the µCT images showed 
similar trends (not shown) to the MR results. 
Discussion 
The DDIF distribution is determined by the internal field gradients in the sample.  In trabecular bone, they exist primarily near the trabecular surfaces, with the largest 
gradients occurring near surfaces perpendicular to the applied field.  DDIF detects the volume of these regions and thus probes the projected S/V along the applied field 
(z).  The trend in the DDIF data is thus similar to the abundance of isosurfaces from one sample to the next in the image renderings.  Also, the agreement of (S/V)PFG,z  
and DDIF fast weight supports this picture.  Since (S/V)PFG,z  is closely related to predictive indices such as mean intercept length[6] and trabecular number[13], the 
applicability of both MR diffusion techniques is clear.  Two regimes of strength are evident in Figure 1:  a weak regime (YS < 6 MPa) with an approximately constant 
anisotropy, and a strong regime (YS > 6 MPa) with an increasing anisotropy with yield stress.  These structural regimes may have analogs in the course of bone 
evolution, either through natural growth or osteoporotic weakening.  The diffusion-based NMR tools shown here thus have potential clinical application. 
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Figure 1 : Strength dependence of NMR 
(S/V) and DDIF measurements for bovine 
trabecular bone samples, along with 
rendered surfaces derived from µCT 
scans for 3 samples.  The (S/V)z and DDIF 
data show similar trends, consistent with 
their common sensitivity to trabeculae 
perpendicular to the longitudinal (z) axis. 
The weaker bones (YS < 6 MPa) show 
constant anisotropy, while the stronger 
bones (YS > 6 MPa) show increasing 
anisotropy with strength.  In the 3D 
renderings, trabecular bone surfaces are 
shown in white.  Also shown in these 
images are isosurfaces from a calculation 
of the internal magnetic field in each 
structure (equal field value shown in each 
case of ∆B =B � B0 = 6 mG ~ 13 ppm).   
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