-
-~

Pw metadata, citation and similar papers at core.ac.uk brought to you by .. COH

provided by Scientific Open-access Literature Archive and Reposit

Mini-review

Imaging bone structure and osteoporosis using MRI

Sandra J. Shefelbine
Sharmila Majumdar

Musculoskeletal and Quantitative Imaging Research
Department of Radiology
University of California, San Francisco, CA, USA

Address for correspondence:

Sharmila Majumdar, Ph.D.

Director Musculoskeletal and Quantitative Imaging Research
Group (MQIR), Professor Dept. of Radiology, UCSF, Professor
Depts. of Orthopedic Surgery & Growth and Development
UCSF and Dept. of Bioengineering UC Berkeley,

Campus Box 2520

University of California, San Francisco

QB3 Building, 2nd Floor, 203D

1700 - 4th Street

San Francisco, CA 94158, USA

Ph. +1 415 476-6830 and 415 353-4534

Fax +1415 514 9656

E-mail: sharmila.majumdar@radiology.ucsf.edu

Summary

In addition to Bone Miiieral Ler sity (L'7%iD) bonesgualiiywnliys
an important ro’e in dt¢fining bine strenc*h! Tiabeci lar bche
quality,zan »otel tiaiiy, b>Gefined by teveral foctars Lor exam-
pie wak sollar misro-architectiire, inetriy composition of tra-
l'eculi e \and trabecular Lk one.di:mac e-iepair. Considerable ef-
fortis being expgnded in (levelosiiig techniques to assess tra-
becular/sone m cro-architecture non-invasively. Site-specific
hane s ructure infe‘mation would significantly contribute to
andirstandiag the results of different therapeutic interven-
tions, and potentially assist in optimizing the course of treat-
ment. Three dimensional techniques that reveal trabecular
bone structure are emerging as important contenders for
defining bone quality, at least partially. Techniques such as
micro-computed tomography have recently been developed
and provide high resolution images of the trabecular architec-
ture. A more recent development in the assessment of trabec-
ular bone structure is the use of magnetic resonance imaging
techniques that make it possible to obtain non-invasive bone
biopsies at multiple anatomic sites. Cortical and trabecular
bone have a low water content and short T2 and are not de-
tectable using routine MR imaging methods. However, the
marrow surrounding the trabecular bone network, if imaged at
high resolution, reveals the trabecular network. Using such
images, multiple different image processing and image analy-
sis algorithms have been developed. The goal of all of these is
to quantify the trabecular bone structure in 2 or 3 dimensions.
The measures that have been derived so far are many, some
of them synonymous with the histomorphometric measures
such as trabecular bone volume fraction (BV/TV), trabecular
thickness (TbTh), trabecular spacing (TbSp), trabecular num-
ber (TbN), others include connectivity or Euler number, fractal
dimension, tubularity, maximal entropy, etc. A number of cali-
bration and validation studies (in vitro and in vivo) have been
undertaken in which MR-derived measures of structure are
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compared with measures derived from other modalities, such
as histology, micro-CT, BMD, and with biomechanics. With re-
cent advances in phased array coils and higher strength mag-
nets, the potential of MR imaging of bone structure is ever in-
creasing. At the present time, the skeletal sites most common-
ly imaged are the radius and calcaneus. Studies currently un-
derway are exploring the possibility of obtaining micro-archi-
tectural features of trabecular bone and the understanding
whether bone turnover and micro-architecture are related, and
the underlying relationship between turnover, bone mineral
density and architecture, is the first step towards untraveling
the therapeutic efficacy of different treatment regimens.

KEY WORDS: trabecular microarchitecture, magnetic resonance, non-inva-
sively.

Introduction

Ostenobrosis is a metabolic disa ter thiat reqults™in a decrease
in bone, mineral density (iad Gn »lcial e’ in the trabecular ar-
chitectural structue. fsizopr retic bone has decreased me-
chanicalgsreagts makirig it prone to fracture, especially atrau-
matic, veltebrol fraciures and fall-related hip and radius frac-
tirew, Osteoporosis is clinically diagnosed using measurement
ofibone mineral density. Bone mineral density is usually mea-
sured using x-ray or ultrasound imaging techniques. In x-ray
imaging (such as dual energy x-ray absoptiometry, DEXA, and
quantitative computer tomography, QCT) the image intensity
relates to the tissue mineral density. In ultrasound, image in-
tensity reflects the change in frequency and amplitude of the
sound wave traveling through the tissue. X-ray techniques use
ionizing radiation, which can have deleterious effects in suffi-
cient doses. Ultrasound, though harmless, provides only a
small field of view, which may limit the accuracy of the mea-
surement. In addition to bone density, the quality of bone which
includes bone micro-architecture is of interest. Recent ad-
vances in micro-computed tomography, a x-ray based 3D tech-
nique has made it possible to obtain images of trabecular bone
micro-architecture. Another promising imaging modality for
measurement of trabecular architecture is magnetic resonance
imaging (MRI). MRI does not use ionizing radiation and can
provide three dimensional images of the bone structure. Figure
1 illustrates different imaging modalities, such as radiographs,
DXA, and MRI, used to obtain images of the calcaneus and the
proximal femur.

MRI basics

Nuclei with an odd number of protons and neutrons (such as
hydrogen) have a magnetic moment causing the nucleus to act
like a small magnet in the presence of an external magnetic
field. The magnetic field of the nucleus aligns in the direction of
the external magnetic field. Magnetic resonance imaging uses
radio frequency (RF) pulses in a magnetic field in order to alter
the spin of protons in the tissue. Coils detect the change in net
magnetization, which after mathematical reconstruction pro-
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Figure 1 - Images of calcaneus using (A) radiograph and (B) MR. Im-
age of the proximal femur using (C) DXA and (D) MR.

vides spatial and compositional information of the tissuegheir.y
imaged. Because clinical MRI usually detects magsietizatiorng’
hydrogen, compositional information is 'mii=d th molzcules
containing hydrogen, such as watesbody ‘aj, and chigiesterol.

In a MRI scanner, proton spiris|in'‘hasbody align in the dirgction
of the external magrstic Vield Whaen 22#RF pulse istanpl2d) the
proton spinssciianyes~alteritg thie maanegtizatiory, Thewime it
takessfar the\spif to resain its alignifien: with the ¢ xternal mag-
neti: fiad afte: the RF pulsa#is wirtied Lff depenas on the mole-
cu e'sizetand structurs) anaiits s/irraudings. By altering the se-
arence of the”/Ri® pulsss anc e gradient of the magnetic field,
the lesation end type oftiSsue being imaged can be controlled.

The signal ‘ecaived in an MR image reflects intrinsic factors of
ithe tiasuz, either spin density or relaxation properties of the nu-
_lei. Spin-lattice relaxation time (T1) is the time it takes a tissue
to regain longitudinal magnetization after a 90° RF pulse
makes the spins perpendicular to the external magnetic field.
T1 is a measure of energy transfer to the surroundings (lattice)
as the proton recovers its normal spin. T1 relaxation times gen-
erally are between 300-2000 msec. Spin-spin relaxation time
(T2) is a measure of how long the proton spins remain in
phase after an RF pulse. Interaction with other molecules (e.g.
diffusion) affects the T2 relaxation time. As natural motion of
the proton increases, such as in liquids, T2 increases. Water,
therefore, has a long T2, and appears white in T2-weighted im-
ages. T2 relaxation times are shorter than T1 and can range
from 30-150 msec. Inhomogeneities in the magnetic field can
also affect T2. A static internal field (caused by large, slow-
moving proteins or rigid trabeculae for example), may addition-
ally alter the local magnetic environment and affect T2. T2*
combines the effects of molecular interactions (T2) and these
field inhomogeneities. In addition to relaxation times, more
complicated measures may also be obtained from the MRI sig-
nal, such as phase analysis, relaxation time distribution, and
chemical composition. MR images also can reflect the behavior
of water or fat alone. Figure 2 shows a radiograph of a proxi-
mal femur and a comparative fat suppressed MR image. The
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Figure 2 - (A) Radiograph and (B) fat suppressed MR image illustrating
proximal femur fracture.

MR image clearly depicts the presence of a fracture.

Bone tissue has low water content, extremely short T2 and thus
relatively low MR signal, and therefore appears black in most
MR images. The bone marrow in trabecular bone, however, has
sufficient water and fat content to provide MR signal. The trabec-
ular bone network may alter the properties of the marrow by cre-
ating magnetic inhomogeneities at the bone-marrow; int sifaci.
Trabecular structure can be imaged by relaxomet %, whic =iiga
sures the change in marrow propertiesgdu’z to rapece all struc-
turef or by direct visualization of*ine blc.cii trabzcular network.
i"a¢ effect of the trabeculer ne tvwsork /sn merrow magnetic proper-
ties|is prominentsim T %imiag /S (Wine inhomogeneities at the
vbone-mar=ew il terface are dependent on the density of the tra-
heel ar (t=aCtuie, tite size of the trabeculae and trabecular
spaces, aidstiie field strength. In general a denser network re-
Sits ire shorter T2* relaxation times due to more bone-marrow
interfaces and increased inhomogeneities (2-6).

The sequence and timing of RF pulses determines the image
contrast. Common sequences in bone imaging include the
spin-echo and gradient-echo sequences. An “echo” reverses
the spin, which refocuses the magnetization and in effect can-
cels out external magnetic field inhomogeneities, which are in-
trinsic in the magnet of the scanner. In a spin-echo sequence a
90° pulse is followed by a 180° RF pulse, which produces the
echo. In gradient echo sequences, the magnetic field is re-
versed to create the echo. The echo time (TE) is the time be-
tween the original RF pulse and the peak echo signal. The type
of sequence affects the appearance of the trabecular structure.
In both spin and gradient echo sequences the dimensions of
the trabeculae may be amplified due to differences in magnetic
susceptibility (the amount which a material becomes magne-
tized in a magnetic field) between the marrow and bone (7, 8).
The amount of distortion artifact is dependent on TE with
longer TEs resulting in more distortion (9). In addition, gradi-
ent-echo sequences produce more susceptibility artifacts than
spin-echo sequences (3, 9). Representative images of the dis-
tal radius are shown in Figure 3. Spin-echo sequences, howev-
er, require a considerably longer scan time and require in-vitro
samples or smaller fields of view (such as the finger and wrist)
because of signal-to-noise and total imaging time considera-
tions (8). Therefore, in vivo imaging of trabecular bone typically
is performed using gradient-echo sequences with TEs as short
as possible. Alternatively a fast large angle spin echo (FLASE)
sequence can be used which uses an initial RF pulse greater
than 90°. The following 180° pulse then partially restores the
longitudinal magnetization and reduces the time to repeat (TR),
making the spin-echo faster (10).

The typical maximum resolution of a 1.5T scanner is 78-200
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Figure 3 - Axial images of the calcaneus using (A) spin-echo and (B)
gradient echo sequences.

um in-plane and 400-1000 um out-of-plane (slice thickness)
(11). Trabeculae are the same dimensions as the in-plane res-
olution, resulting in partial volume effects, in which the depic-
tion of a trabecula in the image is a projection or average of
multiple trabeculae. As a result the trabecular measures ob-
tained from MRI are different than those obtained with histo-
morphometry or microCT at higher resolutions (20 um).

The magnetic field strength of the scanner affects the resolu-
tion and acquisition time of the scan. A 1.5T magnet is the
standard scanner used clinically and can provide a maximum
resolution of approximately 150x150x250 um (12). With high-
resolution MRI requiring a stronger magnetic field strength (7-
9.4 T) and a small-bore (limited to in vitro scans), resolutions
can be improved to 50x50x100 um (8). Nuclear magnetic res-
onance imaging has even a smaller field of view (2-12 mm)
but can obtain isotropic resolutions as high as 10 um. NMR
imaging can additionally determine chemical shift makingyit
possible to establish distribution of a given chemigal (\3).
Generally, higher magnetic field strength imaroles <ignal/to
noise ratio, scan time, and image qua‘ily,"bu: gfi2n witiimit-
ed field of view and other factors ‘uchsas tiad uesusceptihility
to consider (14).

Inmrage Drecessirny techniques

Aterdobtaining 2/ ViR image, prafprocessing of the image is
usually reguirzd in order tg“improve the signal-to-noise ratio
and imi ge quelity»asd make it possible to differentiate marrow
fron), boie_trabeculae. Pre-processing may include coil correc-
#en, noise reduction, motion correction, and thresholding. Coil
correction is required to correct spatial variations in the sensi-
tivity of the detection coil as tissue close to the coil usually ap-
pears brighter than tissue further away from the coil. Coil cor-
rection algorithms depend on the structure of the specific coil.
Coils that completely surround the object being scanned (e.g.
bird-cage coil) provide sufficient in-plane homogeneity, making
longitudinal correction sufficient. In surface coils, which may
not provide in-plane homogeneity, a low-pass filter (LPF)-
based coil correction scheme is necessary (15, 16) (Figure 4).

Noise reduction improves the signal-to-noise ratio and may
be accomplished using a median low pass filter, in which the
median of the pixels in a certain kernel size (e.g. 3x3 pixels)
surrounding a pixel becomes the new filtered value for the
pixel (11). A low pass filter removes high signal noise, while
preserving the low signal data. The kernel median allows
edge detection, whereas the kernel mean would smooth the
data and blur the edges. Hwang et al. proposed a histogram
deconvolution method in order to obtain a noiseless his-
togram for trabecular bone (17). In this method a probability
distribution of the noise (e.g. Gaussian) and an initial esti-
mate of the noiseless histogram are assumed in order to pre-
dict a histogram. The predicted histogram is iteratively im-
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Figure 4 - Effects of coil correction on sagittal images of the calcaneus.
Coil correction equalizes the fat and marrow intensities throughout the
visible bone.

proved by comparing it to the measured histogram. The
noiseless histogram and raw image are used to produce a
noiseless image. Others have proposed wavelet-based
thresholding that allows more local noise reduction while re-
taining relevant detail information (18-20).

Imaging trabeculae on the order of 100 um means that a small
amount of motion will affect the image. Various techniquas
have been devised to correct for motion artifacts _Natige o
correction alters the echo sequence, addingseCinos, 1o, ter se
small displacements (21). The data is«grr>ciad in k:space by
ana'vzilig the phase shift and gdliustiny fo trendiational mo-
tions. Vitudies have shoyn that 1a%ige torcorrection improves
:eproducibility_2an@ac sutacy of trabecular bone parameters
(22). Retrzspective finetion correction can also be performed
withTautcfoctsing (23, 24) (Figure 5). This technique applies
tial,ohase, shiits to the data and compares the resulting image
with live original. An entropy focusing criterion is applied to
minimize the amount of entropy in the image and obtain maxi-
mum contrast.

Perhaps the most critical pre-processing step is thresholding,
which allows delineation of the trabeculae and the marrow. Be-
cause the resolution of in vivo MR images is on the same scale
as the trabecular width, partial volume effects occur. In partial
voluming, a single voxel may contain signals from multiple tis-
sue types. The voxel intensity is the average signal from the
various tissues. The histogram of trabecular bone, therefore, is
not bi-modal with marrow and bone peaks, but rather mono-

Figure 5 - Coronal images of the shoulder. A. Original image corrupted
by motion. B. After motion correction (From Atkinson et al., Magnetic
Resonance in Medicine 1999;41(1):169. Reprinted with permission of
Wiley-Liss Inc., a subsidiary of John Wiley & Sons Inc., Copyright
1999).
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modal with a peak intensity between the values of marrow and
bone. Various thresholding methods have been established in
order to segment the bone from the marrow where partial vol-
ume effects are an issue. Majumdar et al. proposed a dual
thresholding method in which the threshold for bone was a
mean pixel value taken in the cortical shell and the threshold
for marrow was the lower signal intensity at which the his-
togram reached half its peak (11).

Link et al. compared global and local thresholding methods
(25). Global thresholding applies the same threshold through-
out the entire image. The disadvantage of global thresholding
is that images of with a dense trabecular structure appear
completely black, while images with a sparse trabecular
structure appear white. Using local thresholding the intesity of
a square region surrounding a pixel is averaged. If the central
pixel has an intensity lower than the average, it is considered
bone; higher than average pixels are considered marrow. Lo-
cal thresholding is not affected by bone density, but is depen-
dent on noise in the image. It was found that global threshold-
ing was more accurate in calculating trabecular thickness and
local thresholding was more accurate in predicting trabecular
spacing.

Wu et al. introduced a Bayesian approach to segment bone
from marrow in which each voxel was divided into subvoxels
(26). The local tissue environment influenced the distribution of
bone and marrow within the subvoxels with a Gibbs distribution
modeling the interaction between subvoxels. This approach im-
proves segmentation but has only been performed on images
from small-bore NMR microscopy machines and has yet to be
applied to clinical scans. Hwang et al. proposed a spatial auto-
correlation analysis which also used the local tissue emyirol -
ment to determine the probability of finding bonegat spezniac
locations (27). This method was used to anajyze ‘mages at in
vivo resolution (voxel size of 156:456x3) 1\ m3). Siilarly, 2
relaxation labeling process {he! takes ini¢ account the spatial
context, in particulas=Scal, conte «ti alimiormation (2in e kov
fields) was gset, biintonindis et al._te, s€gmenti traix xcular
bones(28). ExeliinixcLwes assigned a frokalility ¢f Ecing bone
ar marow and then iterativeiypilated ac:oraing to the local
arid surrdunding seginents untiy thefgrobability of each pixel
wis either 1,41 8. Thrgsholdirg using one of these techniques
resulte=in | Linarized ilvage that consists of only bone or mar-
row voxels:

Post-processing: architectural parameters

Bone mineral density and trabecular structure together deter-
mine the mechanical strength of trabecular bone. The main ob-
jective of imaging trabecular bone structure is to determine
morphological parameters of the trabecular architecture. These
morphologic parameters may help to determine the efficacy of
therapeutic treatments for osteoporosis and predict individuals
at risk for bone fracture. Standard histomorphometric mea-
sures of bone structure include: bone volume fraction (BV/TV),
trabecular thickness (Tb.Th), mean intercept lenght, trabecular
number (Tb.N), and trabecular spacing (Tb.S). These parame-
ters have been adapted to analyze MR images of trabecular
structure.

Because the resolution of in vivo MR images is on the same
scale as trabecular dimensions, these histomorphometric para-
meters are the measures of the trabeculae projected across
the slice thickness. Majumdar et al. introduced “apparent” mea-
sures, indicating that the morphometric measures obtained
from in vivo MR images may not be exactly equivalent, howev-
er are related to those obtained from higher resolution modali-
ties (11). It was found that trabecular spacing and trabecular
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number are relatively independent of resolution (29). Trabecu-
lar thickness, however, was strongly dependent on resolution
with lower resolutions resulting in thicker trabeculae.

A 3 dimensional distance technique was introduced by Hilde-
brand and Riegsegger to determine mean thickness by fitting
spheres within the structure (30). This measure was able to
distinguish between trabecular bone composed of a greater
percentage of plates or rods (30). It has also been used calcu-
late histomorphometric parameters such as app.Tb.Th and
app.Tbh.Sp from MR images (14, 31). The morphological para-
meters calculated using the distance technique correlated well
with those calculated using the mean intercept length (14).
Because osteoporosis is thought to result in a thinning of tra-
beculae and loss of trabecular connectivity, measures of con-
nectivity are important in determining osteoporotic bone quali-
ty. Connectivity measures have been established to measure
the degree of connectivity of the trabecular network in trabecu-
lar bone (32, 33). Connectivity indicates the maximum number
of branches that can be broken before the structure is separat-
ed into two parts. It is a topological invariant, which means it
does not change if the structure is stretched, bent, twisted or
other rubber-like deformation. Connectivity can be calculated in
terms of the Euler characteristic. Previous studies have used
the Euler number to analyze MR images of trabecular bone
and found that connectivity can vary between regions withimya
bone (34) and is significantly correlated with bone dens 1y, arid
bone volume fraction (9, 35, 36).

Fractal dimensions are a measure_ofiths sei®-cimitrily of a
strutture over different scales and heve,alsg been used to
cadracterize trabecularyarcariectyre. Fractal dimension (D)
cari\be determinad,ung 1 L gx-ugaiiung technique in which a
grid of bax€s it swuverimpesed on the trabecular structure (37-
3957 the nufbur or*boxes (N) that contain trabeculae is de-
termined ‘erVarious sizes (g) of grids. Others have used
asalysis based on Brownian motion to estimate the Hurst ex-
ponent (H), which indicates if the structure is random or con-
tains patterns, and derived the fractal dimension from H (40).
Studies found that fractal dimension decreased with age (11,
37), was significantly lower in patients with vertebral com-
pression fracture (37) and hip fracture, (41, 42) and was not
correlated with bone mineral density (41, 43). Interestingly it
was found that fractal dimension was not different between
those with osteopenia and osteoporosis, but was nonetheless
an independent predictor of bone failure strength (43). It has
been proposed that a decrease in fractal dimension is related
to a disorganization of trabecular architecture and loss of
connectivity (40).

Pothuaud et al. proposed further classification of the trabecular
architecture using a skeleton graph of the trabecular network
(44, 45). The skeleton graph preserved topographical equiva-
lence with the original network, meaning the connectivity did
not change as the trabeculae were thinned to 1 pixel width.
This method provides further insight into the influence of con-
nectivity on overall trabecular structure. Others went on to clas-
sify the connectivity in terms of curves, surfaces, and junctions
of the two (46, 47). They found that parameters from this digital
topological analysis correlated well with bone volume fraction
and measures of mechanical integrity, such as Young’s modu-
lus.

Trabecular bone structure is anisotropic, and architectural
measures may, therefore, differ depending on the orientation.
Spatial autocorrelation analysis (48, 49) is a method to quantify
not only the distance between trabeculae, but also how this
varies with respect to orientation (i.e. the amount of
anisotropy). The autocorrelation function (ACF) is a measure of
the probability of finding bone n pixels away from a certain pix-
el and is equal to the product of the bone volume fractions for
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the two pixels. Parameters derived from the ACF provide mea-
sures of the structure’s alignment perpendicular to the slice
plane (tubularity) and distribution within the slice plane (trans-
verse contiguity). One advantage of autocorrelation analysis is
that it does not depend on thresholding or binarizing the im-
ages into bone and marrow. It was found that ACF measures
of anisotropy correlate well with Young’s modulus and are dif-
ferent for normal and osteoporotic trabecular bone (27, 48).
The scaling index method (SIM) has also been used to mea-
sure non-linear structural information from non-binarized tra-
becular bone images (50). The scaling index (o) is a measure
of the isotropy of the structure with larger values of o indicating
a more random structure. The scaling index correlated better
with mechanical strength and BMD than traditional histomor-
phometric measures.

Comparison with other imaging modalities

Several studies have explored how MR images compare with
other imaging modalities in determining structural parameters
(Table 1). Hipp et al. and Hopper et al. used small-bore MRI
with resolutions of 92x92x92 um3 and 23x23x39 um3 respec-
tively (51, 52). All other studies were performed on 1.5 or 3T
scanners with in-plane resolution of 100-150 mm and a slice
thickness of 300 um on in vitro bone cubes. Weber et al.
compared MR in vivo and in vitro trabecular bone images
from mice with histological sections (53). They found parame-
ters derived from in vivo images correlated better with histo-
logical parameters than did in vitro images and attributed the
difference to the better MR signal from bone marrow than far-
malin. These studies indicate that MR derived architecuyiral
parameters correlate well with measures takan «t mtch hi jh
er resolutions. In general, MR tended=0 wveresi mate SV/TV
and Tb.Th and underestimate T.3p due tovartial volume ef-
fects.

Architechtural paraieiase”have alsu been combared 1 Laae
mineral_deasity (P&D) \ndsmechanicai”strangthiin the radius,
(42luinbal vertobrae (54). fariun (15),/calceneus (56) and
{mong various sights (3¢). In these j5tL diZs correlations coeffi-

cients for BV/TV, Tb.Th, and Tb.N with BMD or mechanical
strength were between 0.5 and 0.8. All studies found that
Tb.Sp had a correlation coefficient with BMD or mechanical
strength of -0.5 to -0.6, indicating that the spacing between
the trabeculae increases as BMD and mechanical strength de-
crease. Studies also found that combining BMD and trabecu-
lar structural parameters improved correlations with mechani-
cal strength.

In vivo imaging in humans

DXA is the gold standard for diagnosing osteoporotic bone,
however only provides an areal measure of bone mineral den-
sity. Multi-slice CT can be used for volumetric bone mineral
density and structural measurements. Though MR cannot pro-
vide measures of BMD, it can provide trabecular bone structur-
al measures and does not require radiation. Trabecular bone
structure also varies considerably depending on the skeletal
site, as well as within a given skeletal site (Figure 6). Studies
have examined the trabecular structure in the calcaneus of
normal and osteoporotic women and found that structural para-
meters (especially BV/TV, Tb.Sp, Tb.N, and connectivity mea-
sures) were significantly different between normals and osteo-
porotic trabecular bone (41, 57, 58). The same was found to be
true in the calcaneus of normal and osteoporotic men (59) end
in the radius of premenopausal, postmenopausal n¢ mal:, ¢ ra
postmenopausal patients with hip fracturesy(1/). TE\Sp Ge nbn-
strated fhat largest change with age“increcsiig signitcantly in
postins nopausal women withahip tiactu/es. E=nito et al. detect-
=d bonp loss in hypagoriadalimd i usitig MR (60). They found
atthe ratioeipletesdo 1hd (cuiface voxels to curve voxels in
their_ame ysis)aiid L one*volume fraction decreased in hypogo-
mada.men. Correspondingly, the erosion index, a combination
o/ tophlogical parameters that increases as bone architecture
deteriorates, was higher in men with hypogonadism.

MR has been used to measure structural bone changes in steroid
induced osteoporosis in patients after renal and cardiac trans-
plantation (61). Structural parameters were significantly lower (ex-
cept for Tb.Sp, which was higher) after cardiac transplantation

Tabiz | -*Cairelation of MR derived trabecular parameters with those derived from other imaging modalities. All values are statisti-
cally significant with p<0.05. n.s. denotes correlations that were not statistically significant.

Correlation coefficients

Imaging Modality Bone Type BV/TV Tb.Sp Tb.N Tb.Th Reference
X-ray tomographic microscopy (18 pum) Distal radius n.s. n.s. n.s. 0.87 77
Optical images (23 um) Bovine (various) 0.9 0.85 0.73 - 51
Optical images (20 um) Calcaneus, femur 0.69 0.89 0.78 n.s. 36
Scanning electron microscopy (20x) Rat femur 0.72 0.82 0.91 0.89 52
Macro section radiograph (5 um) Distal radius 0.67 0.59 n.s. 0.66 78
Macro section radiograph (5 um) Calcaneus 0.63 0.58 n.s. 0.68 79

CT (247x247x1000 um?3) Distal radius 0.72 0.49 0.47 0.57 78
MicroCT (22 um) Femoral head 0.9 0.92 .90 .82 14
Clinical Cases in Mineral and Bone Metabolism 2005; 2(2): 119-126 123
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Figure 6 - Axial MR images of the distal radius (156x156x500 pm). A.
Non-osteoporotic 37 year old. B. Osteoporotic 76 year old with radial
fracture. Note the thinning of the trabeculae and loss of trabecular bone
volume. The figure on the right illustrates pre and post-menopausal de-
crease in bone fraction in the radius as one moves from the joint line in-
to the shaft.

due to the altered bone metabolism caused by immunosuppres-
sive drugs. Large pre- and post-transplant differences in structur-
al parameters were not seen in renal patients probably because
renal failure can alter bone metabolism and trabecular structure
before transplantation occurs. Chesnut et. al. have published the
first longitudinal study showing that nasal spray calcitonin pre-
serves trabecular bone micro-architecture in the distal radius (62).

Imaging in animal studies

MR also has been used to measure structural paiamiptersai
animal models of osteoporosis. Jiang et &), treatec an ¢ sasiec-
tomized sheep model of osteoporesisiwiihishiimon eaicitonin,
an osteoclast inhibitor, to deleimiaasi st ctural parametprs in
the neck of the fems™could be maintained (63). itwat, found
that BV/TVafit, 1ha¥ degleased and (ThiSp ncereat ed in
ovariegtomiz »d=thec n.Structural paiaretr, of sheep treated
with, saimon‘zalcitonin_wave™aqiliveéient'o snam operated
sh2en. Small-bore nyCro-MRI his'hcen used to study osteo-
norotic boneSuacturefin ove siectomized rats (64). Analysis of
MR jmwagesirevenled ‘giiterences in osteoporotic trabecular
strusture that'®¥A could not detect.

Takehashi et al. have investigated the effects of corticosteroid
on bone structure in rabbit femurs using magnetic resonance
microimaging (LMRI) (65). They found that short term, high
doses of corticosteroids resulted in a decrease in trabecular
bone volume through trabecular thinning with little change in
trabecular network, trabecular number or trabecular spacing.
Using MR spectroscopy they also determined that hematopoi-
etic bone marrow was converted to fatty marrow in rabbits
treated with corticosteroid.

Future

Recent advances in micro-CT imaging in vivo (66, 67) make it
possible to obtain radius and tibia images using this methodolo-
gy. However, comparative studies, in-vivo case-control studies,
longitudinal studies using micro-CT in vivo in humans have not
been undertaken and are clearly warranted. MR imaging has
proved to be a valid method for analyzing trabecular structure
and offers distinct advantages over other imaging modalities. Be-
sides being non-ionizing, and providing the ability to image skele-
tal sites such as the calcaneus, hip, tibia, femur, it offers the ad-
vantages of characterizing bone and the adjoining soft tissues.

In particular, MR images soft tissue, such as cartilage, muscle,
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marrow, and meniscus, which is not possible with x-ray based
imaging modalities. Understanding the relationship between
bone and cartilage is critical, particularly in cases of arthritis or
injury. It has been found that degradation of cartilage on one
compartment of the knee corresponds with a loss of trabecular
structure in the other compartment, which is probably linked to
mechanical load between the compartments (54, 68).

Most MR images display proton signals from water or fat. It is
possible, however, to detect signals from other molecules in a
technique called MR spectroscopy. This technique has been
used to a limited amount in bone imaging, in particular to im-
age phosphorus in cortical and trabecular bone (69) and lipids
in the red bone marrow in hematological diseases (70). It has
also been suggested that MRI can be used to detect the in-
crease in lipid-to-water ratio in the vertebral bodies in patients
with osteoporosis (71).

The combination of MR imaging and finite element (FE) analy-
sis has been used to determine mechanical properties of tra-
becular bone (72-74). This allows the in vivo estimation of me-
chanical properties, which are usually determined by in vitro
compression testing. In FE models derived from MR images it
is possible to incorporate soft tissue structures in the model.
This would be useful not only in mechanobiological models of
tissue differentiation and bone remodeling (75), but also in
models of fracture healing where cartilage formation is critigal
to the process (76).

Bone quality has been an emerging concept.in {2 a'ec @i §s'
teoporosis. Trabecular bone micro-archite/;ture, banes_eometry
and’associated marrow changes il otteaporosis can all be
prbed using MRI. Thus,\MR tachn'questhave the potential for
protiding a comgigte who e-iigan‘assessment of skeletal sta-
ws in_osteopoinsia. and 1urtner developments in this imaging
mede lity omd res 2arcn studies are clearly warranted.
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