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a b s t r a c t

MRI of the human body is largely made possible by the favorable relaxation properties of protons of water
and triacyl glycerides prevalent in soft tissues. Hard tissues – key among them bone – are generally less
amenable to measurement with in vivo MR imaging techniques, not so much as a result of the lower
proton density but rather due to the extremely short life-times of the proton signal in water bound to
solid-like entities, typically collagen, or being trapped in micro-pores. Either mechanism can enhance
T2 relaxation by up to three orders of magnitude relative to their soft-tissue counterparts. Detection of
these protons requires solid-state techniques that have emerged in recent years and that promise to
add a new dimension to the study of hard tissues. Alternative approaches to probe calcified tissues
exploit their characteristic magnetic properties. Bone, teeth and extra-osseous calcium-containing
biomaterials are unique in that they are more diamagnetic than all other tissues and thus yield informa-
tion indirectly by virtue of the induced magnetic fields present in their vicinity. Progress has also been
made in methods allowing very high-resolution structural imaging of trabecular and cortical bone relying
on detection of the surrounding soft-tissues. This brief review, much of it drawn from work conducted in
the author’s laboratory, seeks to highlight opportunities with focus on early-stage developments for
image-based assessment of structure, function, physiology and mechanics of calcified tissues in humans
via liquid and solid-state approaches, including proton, deuteron and phosphorus NMR and MRI.

� 2013 Elsevier Inc. All rights reserved.

1. Chemistry, architecture and physiology of bone

Bone is a hierarchically organized biomaterial evolved so as to
optimally fulfill its multiple functions ranging from weight-bearing
and locomotion to serving as a store for calcium and phosphorus.
The major chemical constituents of bone are an organic fraction,
consisting predominantly of type-I collagen (�50% by volume),
an inorganic or mineral fraction (�35%), made up of poorly miner-
alized nonstoichiometric calcium hydroxyl apatite with a much
smaller and variable fraction of carbonate apatite. The balance is
water, with its majority bound to collagen, and a smaller fraction
occupying the bone’s pore structure. The mineral crystals are inter-
spersed in the gaps between successive collagen fibrils [1]. The
bone’s compressive strength is largely conferred by the material’s
inorganic component whereas collagen is responsible for the
bone’s tensile strength. On a macrostructural level bone is about
80% compact (or cortical) and 20% trabecular. Cortical bone forms
the shell encasing bone marrow and blood vessels, dominating the
shaft of the extremities and femoral neck whereas trabecular bone,
consisting of a meshwork on interconnected plates and rods, is
dominant in the vertebrae, ribs and near the joints where stresses
are multidirectional and tensile and torsional loading occurs.

Bone is a living tissue with its own blood supply and ability for
self-repair through a process called ‘remodeling’, referring to the
interplay of two types of cells: osteoblasts, the bone-forming,
and osteoclasts, the bone-resorbing cells. A third type of cells,
the osteocytes occupying small cavities on the order of 30 lm in
diameter, act as pressure transducers providing signals to
osteoblast to induce bone formation. Osteocytes are intercon-
nected with each other through a system of channels, called cana-
liculi, about 100 nm in diameter. Cortical bone further is
permeated by a network of channels, on the order of 50–100 lm
in diameter, carrying blood vessels, in contrast to the blood supply
to trabecular bone, which is effected through the marrow’s micro-
vascular system.

2. Indirect detection of trabecular and cortical bone
microstructure

We refer to ‘indirect detection’ of microarchitecture methods
that obviate the need for resolving individual trabecular elements
(which are on the order of 100 lm thickness) in trabecular bone or,
for example, pore volume fraction in cortical bone (with pore
diameters ranging from 10 to several hundred micrometers),
thereby obviating the need to resolve individual structural ele-
ments. Such approaches entail significant advantages in terms of
signal-to-noise (SNR) requirements.
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3. Methods exploiting internal magnetic fields for the study of
trabecular bone architecture

3.1. Static dephasing regime

The majority of low-resolution MRI studies of bone architecture
exploit the bone’s diamagnetic properties. The greater density of
higher atomic-number elements in bone mineral (notably calcium
and phosphorus) render bone tissue considerably more diamag-
netic than bone marrow (by about 3 ppm, S.I.) [2]. Compartmental-
ization of the two phases (i.e. bone and marrow) leads to induced
inhomogeneous magnetic fields near the interface of the two
phases [3].

The empirical observation of a rapid decay of the trabecular
bone marrow FID or gradient echo thus results from local induced
field gradients (also referred to ‘internal magnetic field gradients’
IMFG). The signal S(t) in the presence of a mesoscopic perturber
such as a trabecula in a small volume element as, for example,
an imaging voxel can be written as

SðtÞ ¼
ZZZ

V
M?ð0Þ expðicDHzðx; y; zÞ � tÞdxdydz ð1Þ

where DHz(x, y, z) represents the local induced field, i.e. the offset
from the nominal field.

Based on a magnetic surface-charge model, Hwang and Wehrli
[4], computed the induced magnetic field from 3D trabecular bone
images and showed the local field to result in a distribution whose
mean and variance depend on the orientation of the static mag-
netic field relative to the structure. These findings are, of course,
a consequence of the structural anisotropy of trabecular bone,
which is known to grow and remodel in response to the stresses
to which is subjected (Wolff’s Law). Since the induced magnetic
surface charge density scales as the scalar product of the surface
normal n and the applied magnetic field H0 as

r � l0DvH0 � n̂ ð2Þ

(valid as long as for the susceptibility difference between the two
materials, |Dv|� 1 holds), trabecular plates perpendicular to the
applied field get magnetized preferentially. There are various ap-
proaches to compute the induced field. In [4] the authors resorted
to a surface triangulation method by computing the induced field
Hinduced at location r as the sum of the induced fields from all source
locations r0 as

Hinduced ¼
XN

p¼1

Htriangle
induced; p ¼

1
4pl0

XN

p¼1

Z
Tp

rðr0Þ ðr� r0Þ
jr� r0j3

dA0 ð3Þ

where N is the number of triangles and the integral represents the
induced field from a single source location. The authors showed that
the computation is greatly simplified by assuming that each trian-
gular element has constant surface-charge density given by Eq.
(2). The expected structural anisotropy is evident from the histo-
grams of the induced magnetic field computed for the three orthog-
onal directions of the applied magnetic field relative to the major
loading axis, shown for a specimen of human trabecular bone from
the vertebrae (Fig. 1). The same authors subsequently evaluated
their model by field mapping [5]. From the slopes of regression be-
tween the experimental and computed fields they obtained the
absolute susceptibility of bone as �11.0 � 10�6 (S.I.), which is in
close agreement with a reported value of �11.3 � 10�6 obtained
with powdered bone by means of a spectroscopic susceptibility
matching technique referred to previously [2].

The width of the induced magnetic field distribution over the
sample volume (such as an imaging voxel) can be measured, for
example with an asymmetric echo technique for which the echo
amplitude evolves as exp(�2s/T 02) where s is the echo offset [6].

Other pulse sequences based on combining RF and gradient echoes
such as GESFIDE (gradient-echo sampling of FID and echo) [7] or
GESSE (gradient-echo sampling of spin echo) [8] yield both T2

and T�2 and thus T 02 as 1/T�2 � 1/T2. The full width at half maximum,
DH, of the distribution of the induced field, P(Hinduced), then is re-
lated to T 02 as T 02 = cDH/2. Spectroscopic approaches have also been
practiced to obtain T�2 from the line width of the marrow water or
methylene resonance [9].

Yablonskiy and Haacke had previously developed a theory for
magnetically heterogenous materials such as trabecular bone or
networks of blood vessels, showing that the concept of an expo-
nential time constant T 02 is valid in the static dephasing regime,
but only for decay times longer than a critical time tc [10]. The sta-
tic dephasing regime essentially implies that dephasing from local
inhomogeneous fields is much faster than phase-coherence loss of
magnetic moments as they visit sites of different magnetic field
during diffusion, a condition that is generally satisfied for fatty
bone marrow but, as we shall see, not necessarily in the cellular
boundary zone lining the trabecular trabecular bone surface [11].
Yablonskiy and Haacke’s model also showed R02 (=1/T 02) to scale
with the volume fraction of the perturber (i.e. bone in the present
case) and further that it has and angular dependence for aniso-
tropic structures. The latter arrangement, as previously pointed
out, is typical of trabecular networks, which preferentially align
along the bone’s major loading axis. For an array of mutually per-
pendicular struts and columns such similar to the trabeculae found
in the vertebrae or in the radius (cf. Fig. 1), the model predicts R02 to
obey the following relationship [10]:

R02 / DvH0 1h þ 1v �
1
2
1h

� �
sin2

#

� �
ð4Þ

where 1h and 1v represent the volume fractions of struts and col-
umns and h is the angle between the magnetic field and the col-
umns. The predictions of Eq. (4) are in good semiquantitative
agreement with experimental findings in model structures
[12,13], specimens of trabecular bone [14] as well as measurements
in vivo in humans [15].

Measurements of T�2 or T 02 have allowed discrimination of pa-
tients with osteoporotic bone loss and structural degradation of
the trabecular bone network at various anatomic sites including
the distal radius, vertebrae and hip, all common fracture sites, as
well as at surrogate locations such as the calcaneus (for recent re-
views of the subject, see, for example [16]). In general, regional
relaxation rates were found to parallel apparent density measured
by dual-energy X-ray absorptiometry or quantitative computed
tomography. Some of this work has shown T 02 or T�2 to discriminate
patients with from those without fractures as well or better than
bone densitometry [9,17]. However, the translational aspects of
these methods are of primary interest to the clinical imaging com-
munity and are thus somewhat outside the intended scope of this
article.

3.2. Diffusion in background magnetic field gradients

There has been recent evidence that the notion of the static
dephasing regime, generally assumed to apply to protons in the
marrow spaces exposed to the internal magnetic field gradient
(IMFG) at the bone–bone-marrow boundary, may not necessarily
be valid [18,19]. If the primary interest is the evaluation of the
IMFG this can be achieved with a simple field map, obtained, for
example from 3D high-resolution trabecular bone images, such
as those reported by Hwang and Wehrli [4], yielding both magni-
tude and direction of the IMFG as rHz(x, y, z) where Hz(x, y, z) is
the local induced magnetic field. Of course, such an approach
would require imaging at a resolution adequate to resolve
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