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Bone is a hierarchically organized composite 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. Bone’s major
chemical constituents are an organic fraction, consisting predominantly of type-I collagen (~50% by volume),
an inorganic or mineral fraction (~35%), made up of poorly mineralized nonstoichiometric calcium hydroxyl
apatite, with the mineral crystals interspersed in the gaps between successive collagen fibrils (1). The balance
is water, with its majority bound to collagen, and a smaller fraction occupying the bone’s pore structure. The
bone’s compressive strength is largely conferred by the material’s inorganic component whereas collagen that
is responsible for the material’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 pm in
diameter, act as pressure transducers providing signals to osteoblast to induce bone formation. Osteocytes are
interconnected with each other through a system of channels, called canaliculi, about 100 nm in diameter.
Cortical bone further is permeated by a network of much larger channels of 50-100um diameter, carrying blood
vessels, in contrast to the blood supply to trabecular bone, which is effected through the marrow’s
microvascular system.

The structural and physiologic organization of cortical bone substantially differs from its trabecular
counterpart. With a porosity on the order of 5-20% it is far denser than trabecular bone, which typically has a
pore volume fraction of 80% or greater. Water is the dominant chemical constituent present in the bone’s pore
space. However, a significant, typically larger, fraction of cortical bone water is collagen bound. Both fractions
possess short T, and are thus not detectable with conventional spin-echo or gradient-echo methods. However,
the emergence of what is now termed “ultra-short echo time (UTE)” MRI during the past decade has made
detection (2) and quantification (3) of bone water possible. UTE MRI has generally proven useful to make
heavily collagenated connective tissues such as articular cartilage, tendon, ligaments, and bone “visible” (4).

It was recognized early that the most common spatial encoding techniques based of phase encoding in
the second dimension as in Cartesian sampling are generally not suited for imaging spins with very short
transverse relaxation, as the delay imparted by the phase-encoding period entails prohibitive signal losses.
Radial acquisition techniques generally meet the requirement for minimizing the delay 6 between the end of the

RF pulse and beginning of sampling to satisfy o << T2 The second requirement is for the RF pulse duration to
be short enough so as to minimize coherence losses during the pulse (7, <T2*) (5). Third, the sampling
frequency bandwidth (BW) must be large enough so that for the total sampling time, T 5T2 as a means to
minimize point-spread function (PSF) blurring.

For imaging calcified connective tissues a family of radial 2D and 3D k-space mapping techniques have
emerged as favorites (2,6-8) even though other methods, such as SWIFT (9) have shown some merit as well.

# This syllabus material is drawn from a recent review article by the author (J Magn Reson 229: 35-48; 2013)
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Pulse design, pulse sequences and reconstruction for UTE MRI have recently been reviewed (10), as have
methods and applications specific to bone (11,12). 2D UTE, a radial encoding technique based on half-pulses
not requiring slice gradient rephasing, was first described over two decades ago (13), but not re-examined until
10 years later, by researchers at Oxford University and the University of California in San Diego, in part
spurred by advances in scanner hardware (2). This group of researchers (who coined the acronym UTE)
recognized the method’s potential for visualizing sub-millisecond T, tissues, in particular in conjunction with
soft-tissue suppression techniques such as echo subtraction or inversion nulling (see, for instance, (4)).
Notable in 2D UTE is the requirement for two acquisitions of each radial line with opposite polarity of the slice-
selection gradients. In this manner, the imaginary signal components cancel upon summing of the two signals
(14). 3D implementations are also being practiced, both a hybrid version with Cartesian sampling in the third
dimension (7), as well as full 3D radial sampling (8). Lastly, rather than using ramp sampling, one can excite
the spins in the presence of a constant encoding gradient (also referred to as 3D zero echo-time (ZTE) imaging
(15,16)). Since this encoding scheme fails to capture the lowest spatial-frequency signals, alternative means
are required to collect the missing samples, such as resampling that portion of k-space at much lower gradient
amplitude (17) or via single-point mapping as in PETRA (pointwise encoding time reduction with radial
acquisition) (18). Recent data suggest ZTE to provide significantly better SNR than does UTE (19).
Nevertheless, a problem inherent to all 3D radial methods is the very large number of projections that are
required, resulting in prohibitively long scan times unless significant undersampling is used, for example, in
conjunction with compressed sensing.

Detection of calcified tissues, most typically cortical and trabecular bone, calcified cartilage, teeth or
extra-osseous calcifications, studied with the techniques outlined above, is hampered by the signals of the
surrounding soft tissues. Not only are the latters’ spin densities far greater, their transverse relaxation times are
one to two orders of magnitude longer. The need to selectively suppress the undesired signals has been
recognized early and a variety of strategies have been offered. Most exploit the differential life times of the two
proton species. In the simplest approach a second echo collected at TE>>T, ¢t is Subtracted from the UTE
signal (6) but this method may be sensitive to gradient-induced eddy currents and, of course, sacrifices SNR
as all subtraction methods do. More effective approaches use saturation pulses that are long relative to T, of
the fast-decaying spins of interest, leaving the short- T, protons largely unaffected (5). Various embodiments of
the method are now in widespread use, including water and fat saturation consisting of successively applied
frequency-selective saturation pulses (WASPI (17)) or dual-band saturation pulses (20). Single and double-
inversion nulling have also been practiced. In order to simultaneously suppress soft tissue signals arising from
fat and water Du et al applied adiabatic inversion pulses in succession, first on resonance with water and
subsequently with the methylene proton chemical shift of triacyl glyceride (fat) in such a manner as to time the
pulses so that the longitudinal magnetization of both components is nulled immediately prior to playing out the
excitation half-pulse (21). In contrast, the short- T, protons of the bone water are saturated only by the inversion
pulses. In a recent comparison of the various suppression techniques Li et al concluded that combination of
dual-band saturation UTE with echo subtraction to provide good short-T, SNR and CNR, albeit at the expense
of greater sensitivity to B1 homogeneity. In distinction, IR-UTE was found to yield lower short-T, SNR
efficiency while providing highly uniform short- T, contrast (20).

While mere visualization of protons that ordinarily elude detection by Cartesian imaging strategies is
important in its own right as illustrated in the previous section, quantification of the water residing in the pore
spaces of bone tissue versus that bound to the organic matrix, can provide new insight into the structural and
molecular organization of the tissue (3,7,22-24). One approach is based on calibration of the signal with a
reference sample of known proton concentration and similar T, relaxation characteristics (3,22). The authors in
(22) validated their method in specimens of human cortical bone by means of deuterium exchange techniques
by measuring the native water expelled from the bone after prolonged immersion in D,O in comparison to
measurements by UTE.

One complication that affects the clinical value of bulk bone water measurements is that it comprises
both pore and bound water. Loss of osteoid as in osteoporosis, reduces bound water (which scales with matrix
density), while pore water increases. Even though the gain of pore water is greater than the loss of bound
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water, bulk bone water is an imperfect surrogate of pore water. Non-image based measurements based on T
relaxometry (25) and deuterium NMR (26) support the notion that a greater fraction of bone water is collagen
bound as opposed to pore-resident, calling for methods allowing separation of the two water pools. In (27) the
authors hypothesized that pore water, by virtue of its greater mobility, should have longer T,*. The authors
showed in bovine cortical bone that the T,* decay fits a bicomponent model yielding fractions on the order of
80 and 20% with T,* time constants of 300us and 2ms, respectively, which they attributed to bound and free
(i.e. pore) water. One potential flaw of the T,* relaxometric approach is the wide distribution of pore water T,
as well as its shortening with increasing field strength. The latter is due to inhomogeneous broadening of the
resonance caused by the bone’s internal field (28). Therefore, methods based on T, selective RF pulses may
be preferable (29). One such approach is based on measurement of the signal with and without long-T,
suppression. The resulting suppression ratio (fraction of unsuppressed to suppressed signal) has been shown
to be a strong predictor of porosity (30). The underlying rationale is that with an increase in pore size T,
increases as well, resulting in enhanced suppression.

Lastly, solid-state MRI may also have potential to gain detailed insight into the bone’s mineral
properties. Bone mineral density (BMD) is commonly assessed by X-ray based modalities, either dual-energy
X-ray absorptiometry or quantitative computed tomography, which provide a density measure expressed in
g/cm? or g/cm?®, respectively. Both methods use ionizing radiation even though the former’s dose is minimal.
The density measurements are non-specific and are apparent in the sense that the resolution is such that
reduced tissue mineralization (as in osteomalacia) could not be distinguished from bone of greater
microporosity. This ambiguity, it has been argued (31), precludes distinction of osteoporosis in which bone
becomes porous but is generally normally mineralized, from osteomalacia, a disorder in which the bone is
hypomineralized, typically due to vitamin D deficiency. The same group of authors reasoned that true
mineralization density (variably also denoted ‘degree of mineralization of bone’, DMB (32) or ‘extent of bone
mineralization’ (33)) could be obtained by quantifying matrix volume (i.e. the fractional volume of bone
occupied by bone tissue).

While the path delineated above toward noninvasive quantification of DMB is plausible, the method is
fraught with difficulties. Chief among these are the extremely unfavorable relaxation properties of *'P in bone
mineral with T,/T; ratios on the order of 10”° - 10°® depending on field strength (34) (compared to about 0.02 for
protons in soft tissue). Nevertheless, 3D radial *'P imaging in animal models has yielded unique information on
mineralization in model systems of osteomalacia (35) and response to antiresorptive treatment (36). The very
short T, of *'P in bone mineral and its further shortening with field strength (reaching 120us at 7T) is likely a
consequence of the significant chemical shift anisotropy of hydroxyl apatite (~40ppm) (37). In spite of these
adversities, recent work in human cortical bone ex vivo suggests that noninvasive quantification of DMB in vivo
by 3'P ZTE methods may be feasible. Lastly, Wu et al (38) recently have been able to acquire *'P images of
the human wrist in vivo at 3T field strength on a clinical scanner with a custom-built birdcage transmit-receive
coil.

In summary, solid-state MRl methods have already demonstrated their potential for the study of

mineralized tissues in humans and translation of both 'H and ®'P UTE and ZTE to studies in patients appears
feasible.
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