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Although bone mineral density is one of the most im-
portant contributing factors to bone strength and risk
of fracture, studies have shown that changes in bone
quality and structure independent of bone mineral den-
sity, influence both bone strength and individual risk of
fracture. The influence of these other factors is thought
to explain at least partially the observed overlap in
bone mineral measurements between patients with and
without osteoporotic fractures, irrespective of measure-
ment site or technique. Thus, several new emerging
techniques have been aimed at quantifying trabecular
bone structure in addition to bone density. It is in the
context of non-invasive assessment of trabecular bone
architecture, that recent efforts have focussed on the de-
velopment of imaging modalities such as magnetic reso-
nance (MR) imaging. MR is a non-invasive technique,
that provides high resolution images in arbitrary planes,
as well in three dimensions and may potentially be use-
ful for the quantitative characterization of the trabecu-
lar network both in vitro and in vivo at a number of dif-
ferent skeletal sites.

In MR imaging the depiction of trabecular bone is af-
fected by the precise sequence in which the radiofre-
quency pulses and magnetic field gradients are applied,
their specific time intervals, and the details of the imag-
ing sequence used to generate the MR images. Two dif-
ferent classes of imaging sequences, spin-echo based
and gradient echo based sequences have been used to
obtain images of trabecular bone structure. In spin-
echo sequences a 180 degree RF pulse is applied to ob-
tain an echo signal which is then used to generate an im-
age, whereas in a gradient echo sequence a reversal of
the magnetic field gradient is used to generate such an
echo. Due to the different physical principles that gov-
ern image contrast and appearance there are differences
between two images obtained with the same resolution,
but different imaging sequences. In both spin-echo and
gradient echo images the susceptibility (the ability of a
material to be magnetized) difference between bone
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and bone marrow affects the image appearance of tra-
becular bone. In both spin-echo and gradient echo MR
images the apparent size of trabeculae as depicted may
show differences compared to their true dimensions |1,
2]. This amplification of trabecular dimensions is more
pronounced in gradient echo images, however, it also
depends on the echo time, TE, which is used to acquire
the image. At short TE times, the effect is not as marked
and increases as the echo time increases. With recent ad-
vances in the gradient strength available in clinical im-
aging systems it is possible to obtain high resolution gra-
dient echo images at relatively short TE times (< 10 ms).
This considerably reduces the limitations of gradient
echo imaging sequences, and also helps increase the
achievable signal-to-noise ratio at a given spatial resolu-
tion. The advantage of using a gradient echo imaging se-
quence is that it may be extended to in vivo imaging of
the radius, calcaneus, phalanges, as a high resolution
three dimensional volume may be acquired in consider-
ably less time than an equivalent volume obtained using
spin-echo imaging. Jara et al. [3] have developed a mod-
ified spin-echo sequence, which reduces the imaging
time, and have used it to obtain images of the phalanges.
However, as discussed by these investigators, signal to
noise considerations limit the application of this tech-
nique to regions of small volumes of interest. The differ-
ences in the quantitative estimates of bone structure re-
lated parameters measured from spin-echo and gradient
echo images have been investigated [4]. It has been
shown that although absolute measures of trabecular
bone structure differ when measured from spin-echo
and gradient echo images, trabecular spacing and num-
ber are parameters that are the least affected, and the
orientation information obtained from both imaging se-
quences are identical.

Factors such as the repetition time (TR) selected to
obtain an MR image also affect the achievable signal to
noise. Increasing TR increases the signal to noise in an
image. This however, increases the total scan time. The
bandwidth or the total duration during which the MR
signal is sampled also affects the signal to noise. The
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higher the bandwidth used to sample the MR signal, the
shorter the achievable echo time (TE). However, with a
higher bandwidth the signal to noise achievable is also
lower. Thus, the choice of echo time, bandwidth and
scan parameters in MR imaging have to be carefully
weighed and adjusted because these factors interact in
multiple ways and affect the image appearance, resolu-
tion and quality.

In deriving quantitative parameters such as trabecu-
lar bone area fraction, trabecular width, etc. one of the
primary factors is the accurate segmentation of the
bone and bone marrow components. As the image reso-
lution is degraded, the segmentation of the bone and
marrow phases becomes complicated due to partial vol-
ume averaging effects. The observed density profile at
the trabecular bone edge has a transition region be-
tween marrow and bone. When the image resolution is
comparable to trabecular dimensions the size of this
transition zone is not negligible. The trabeculae them-
selves show variations in density within a slice and thus
non-uniformity in signal intensity may be detected with-
in individual trabeculae. In vivo, this is particularly true,
since the high resolution MR images have spatial resolu-
tions comparable to trabecular dimensions, and in the
slice direction, the resolution is greater than the dimen-
sions of individual trabeculae. As a result of this, the in-
tensity histogram in a region comprising trabecular
bone and bone marrow may not be bimodal as one
would expect in a two phase model where pixels consist
of a single component. In image processing, there is no
established technique for measuring the accuracy of
any segmentation scheme. Every thresholding scheme
has some associated subjectivity which may either be
operator dependent or dependent on the automated cri-
teria that are specified in a algorithm. Several tech-
niques may be applied when segmenting high resolution
images into bone and bone marrow. An intensity based
thresholding scheme based on the histogram of signal
intensities [4] and internal calibration techniques [5]
have been used but because these schemes are based
on a single value it may lead to an apparent thickening
of trabeculae or a loss of thinner trabeculae within the
same image. An adaptive thresholding or an edge detec-
tion scheme in MR images may result in a detection of
the heterogeneity of bone marrow in the trabecular
spaces, and thus inaccurately classify marrow compo-
nents as bone. Bayesian estimation techniques, the rela-
tive merits and resolution dependence of which remain
to be evaluated, have also been proposed recently [6].
After the images have been segmented into two phases,
the MR images may be used to calculate standard histo-
morphometry measures of bone structure such as trabe-
cular bone area fraction, trabecular width, trabecular
number, and trabecular spacing using run length analy-
sis methods [7].

Another factor that impacts the absolute quantita-
tion of trabecular bone area fraction, trabecular width
and spacing is the image resolution, which if it is com-
parable to the dimension of the structure to be mea-
sured [8], can lead to errors in the estimated dimen-
sions. It is evident that when the image resolution is
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equivalent to trabecular dimensions, the accuracy of
measuring the dimensions of trabecular structure is
prone to error, regardless of the segmentation scheme.
For example, if the image resolution is 100 um, and the
trabecular dimensions are of the order of 100 um, an er-
ror of 1 pixel may potentially be reflected as a 100 % er-
ror in the estimated trabecular width. Similarly a trabe-
culum that is 50 um thick will still be detected as a
100 um structure. Thus since the standard stereology
measures derived from such MR images reflect an aver-
age over a finite resolution that the measures have been
denoted as apparent measures such as the apparent tra-
becular bone area fraction (app BV/TV), trabecular
width (app TbTh), trabecular number (app TbN), and
trabecular spacing (app TbSp), etc. In addition to stan-
dard two dimensional measures of trabecular bone ar-
chitecture, the connectivity of the trabecular network,
as determined from the Euler number [9] or the com-
plexity of the network as determined from extensions
of fractal based box-counting techniques [10] may also
be used to characterize trabecular bone structure from
MR images.

Hipp et al. have compared the MR derived stereol-
ogy measures, determined from isotropic image voxels
of 50 um, to those obtained using optical imaging and
found good correlations [11], while Chung et al. [12]
have compared the apparent BV/TV determined from
MR images to those determined using displacement
techniques and also found good correlations between
the two measures. In a recent study using high resolu-
tion MR, Antich et al. have confirmed that MR tech-
niques may be used to monitor changes in trabecular
bone structure after fluoride therapy using specimen
from iliac crest biopsies [13]. The relationship between
the MR derived measures of trabecular structure ob-
tained from images of distal radius cubes at resolutions
comparable to those that may be obtained in vivo
(156 x 156 x 300 um) have been compared to those ob-
tained from higher resolution 3D X-ray tomographic
microscopy images (XTM) obtained at an isotropic res-
olution of 18 um using cubes from human radii [4]. In
the MR images, partial volume effects result in an over-
estimation of trabecular bone area fraction, trabecular
width (~ 3 times), and an under estimation of trabecular
spacing (~ 1.6 times) when compared to the 18 um XTM
images. A comparison of the MR derived measures with
the bone mineral density (BMD) measured using dual
X-ray absorptiometry (DXA) shows that trabecular
width, area fraction, number increases, while trabecular
spacing decreases, as the bone mineral density increases.
The correlation between bone mineral density and the
measures of trabecular structure are also good. In
the radius cubes, the biomechanical elastic modulus in
the three orthogonal directions, corresponding to the
anatomical distal-proximal (Ep p), anterior posterior
(EA_p), and medial-lateral (E,.;), showed correlated
differently with the structural parameters (Table 1). A
preliminary bivariate analysis model based on whether
the improved coefficient of determination, r?, being sig-
nificant (p <0.1), showed that the trabecular number
and spacing contributed to an improvement in the pre-
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Table 1. Correlation (r) and significance (p) between BMD (gm/
cm?), Ep p By, Eap and the mean elastic modulus (E) and
some of the measures of trabecular structure derived from MR im-
ages

BMD E,, Evo Eap E

app BV/TV

I, p 0.87 0.84,0.03 0.93,0.006 0.71,0.12 0.96, 0.002
app TbTh

I,p 0.83 0.63,0.18 0.68,0.13 0.81,0.05 0.82,0.05
app TbSp

I, p 0.87  0.90,0.02 0.98,0.008 0.55,0.26 0.95,0.003
app TbN

T, p 0.71  0.84,0.03 0.91,0.01 0.22,0.85 0.78,0.06

Fig.1a,b. High resolution magnetic resonance images clearly de-
pict trabecular bone structure and can be used for quantifying the
three dimensional trabecular architecture. a Spine; b femur

diction of the elastic modulus, compared to bone min-
eral density alone.

In Fig. 1 reverse gray scale (bone shown in white) MR
images at a spatial resolution of 117 x 117 x 300 um is
shown for two specimens, one from the lumbar spine
and the other from the proximal femur. The structural
features of the trabecular bone at these two sites are
quite different as is clearly shown. In all specimens stud-
ied the primary orientation of the trabeculae was in the
superior-inferior direction. This structural anisotropy
was also reflected in the measured elastic modulus
which was the highest in the superior-inferior (Eg )
direction. The elastic modulus in the medial-lateral
(Eyp) and anterior-posterior (E, p) showed consider-
able variations. From such images the three dimensional
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anisotropy of spine and femur have been determined us-
ing software provided by Simmons and Hipp [14]. The
binarized images can be used to determine the three di-
mensional distribution of mean intercept lengths for
such cubes. The mean intercept length in 3D generates
an ellipsoid, the principal axis of which determines the
primary trabecular orientation. The ratio of the princi-
pal axes gives the degree of anisotropy in the trabecular
bone structure.

With the recent advances in MR imaging hardware
and software, it has become possible to obtain high reso-
lution MR images with in-plane resolutions starting at
78 um and slice thicknesses of 300 wm. Such high resolu-
tion images have been obtained in the phalanges by Jara
et al. [3], in the distal radius [10], and calcaneus [5, 15].
In a recent in vivo study, high resolution MR images of
the distal radius were obtained at 1.5 Tesla in pre-meno-
pausal normal (groupI), post-menopausal normal
(group II), and post-menopausal osteoporotic group
(TIT) women. The women in groups IT and IIT were also
classified as being osteoporotic based on the T-scores
[16] of their distal radius BMD determined using pe-
ripheral quantitative tomography (pQCT). Representa-
tive MR images are shown in Fig.2.

The MR images were used to derive measures of tra-
becular bone structure which included apparent mea-
sures of trabecular bone area fraction, trabecular thick-
ness, trabecular spacing, trabecular number, etc. Appar-
ent trabecular bone area fraction, app BV/TV, de-
creased with age, although it showed lower correlations
with age, while the app TbN showed moderate correla-
tions and decreased with age. The app TbSp showed
the greatest increase and moderate correlation with
age. The correlation coefficient and the level of signifi-
cance for the age app TbTh was low, and the trend of
variation of trabecular thickness with age was thus in-
conclusive (Table 1).

Trabecular bone BMD in the distal radius, app BV/
TV, app TbTh, app TbN had the expected trend: i.e.
the mean values were the greatest in subjects in group I,
decreased progressively in the post-menopausal group
(group II), and were the lowest in the post-menopausal
osteoporotic group (IIT). The app TbSp was greatest in
group III and lowest in group I. One tailed t-tests were
used to assess differences between the density and struc-

Fig.2. Representative images
from the distal radius of a young
normal (a) and an elderly os-
teoporotic subject (b) clearly de-
pit the loss of trabecular bone
structure in the elderly subject
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Fig.3. Differences in the trabecular bone structure parameters be-
tween the post-menopausal subjects stratified into two groups
based on their osteoporotic status as defined by the World Health
Organization [16], i.e. T-Score trabecular BMD < -2.5 was os-
teoporotic

Table 2. Linear regression was used to determine the change in
bone mineral density and the indices of trabecular bone structure
as a function of age. The percent change is calculated relative to
the 30 year level. The correlation coefficient (r) and the signifi-
cance level (p) are shown

Parameter Change Correlation  Significance
(%) ) (P)

Trabecular BMD

pQCT (mg/cm?) -0.61845 0.48 0.007

app BV/TV -0.48335 0.33 0.05

app TbTh (mm) -0.22780 0.17 0.32

app TbSp (mm) 1.9797 0.50 0.003

app TbN (mm™) -0.68146 0.53 0.001

ture parameters in the post-menopausal group (group II
and III). Significant differences existed between the
fracture and the non-fracture groups in the measured
radial trabecular BMD, trabecular bone area fraction,
trabecular spacing and trabecular number. The differ-
ences in the structural parameters between the subjects
classified as osteoporotic based on the WHO [16] defini-
tion of osteoporosis and those who were non-osteoporo-
tics is shown in Fig.3. The app TbN and app TbSp
showed significant differences (p <0.05 in a one tailed
t-test) between those two groups.

Similarly, magnetic resonance imaging applied to the
quantitative measurement of age-related changes in cal-
caneal trabecular structure from MR images at a spatial
resolution of ~ 200 x 200 x 1000 um, showed that the
trabecular structure parameters and age were signifi-
cantly (p <0.05) correlated: app BV/TV (r=0.58), app
TbTh (r=0.52), app TbSp (r=0.54) [5]. The annual
rate of change in a normal population was —0.22 %/
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Fig.4. a Sagittal view of the calca-
neus shown in a reverse gray scale
image. Spatial resolution

=156 x 156 x 500 um. b Axial slice
through the calcaneus shown in re-
verse gray scale. Spatial resolution:
156 x 156 x 500 um

year, —0.55 %/year, and +1.37 %/year, for app BV/TV,
app TbTh and app TbSp respectively. Linear regression
analysis also showed significant correlation between
the MR-derived trabecular structure parameters and
calcaneal BMD values. With improved phased array
coils the achievable image resolution in images of the
calcaneus now may be as high as 156 um in plane and
500 um in slice thickness. Representative axial and sag-
ittal images through the calcaneus are shown in Fig.4,
in reverse gray scale.

The heterogeneity of trabecular structure in the cal-
caneus is evident from the images. In the calcaneus,
the highest app BV/TV is seen in the superior region
and the lowest in the anterior region. App TbN is high-
est in the posterior region and lowest in the anterior re-
gion. The highest app TbSp is in the anterior region
and the lowest in the superior region. Conversely, app
TbTh is highest in the superior region and the lowest
in the anterior region. For the posterior aspect of the
calcaneus, the mean structural parameters as well as
BMD within the posterior region, are shown in Table 3.
In the posterior part of the calcaneus, in 12 normal sub-
jects, the heterogeneity or percentage variation is
41.7% for bone fraction while for trabecular number,
trabecular spacing, and trabecular thickness it is
21.8%,46.0 %, and 42.5 % respectively. The percentage
variation for BMD determined in the posterior part
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Table 3. Mean * standard deviation, for the structural parameters,
as well as BMD values in the posterior region of the calcaneus for
normal subjects (mean age = 38 + 7 years)

Structure parameter Mean * SD
app BV/ITV (%) 4111
app TbN (mm™) 0.82+0.1
app TbSp (mm) 0.81+£0.33
app TbTh (mm) 0.50 £0.16
BMD (g/cm?)? 0.71 £0.09

*n=10

(for n =8 subjects) of the calcaneus is considerably
lower (~ 11%).

The advances in magnetic resonance imaging com-
bined with image processing techniques have potential
in vitro and in vivo applications in the study of trabecu-
lar bone architecture, its’ relationship to bone biome-
chanics and applications to studies of osteoporosis and
fracture risk prediction. The non-invasive, three dimen-
sional nature of MR, as well as its ability to predict
bone marrow characteristics makes it particularly useful
for in vivo studies. It is a new and developing field and
further studies are necessary. Hardware and software
improvements are needed, particularly in order to ex-
tend its application to the spine and proximal femur.
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