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Abstract

Comprising ~20% of the volume, water is a key determinant of the mechanical behavior of
cortical bone. It essentially exists in 2 general compartments: within pores and bound to the
matrix. The amount of pore water — residing in vascular-lacunar-canalicular space — primarily
reflects intracortical porosity (i.e., open spaces within the matrix largely due to Haversian canals
and resorption sites), and as such, is inversely proportional to most mechanical properties of bone.
Movement of water according to pressure gradients generated during dynamic loading likely
confers hydraulic stiffening to the bone as well. Nonetheless, bound water is a primary contributor
to mechanical behavior of bone in that it is responsible for giving collagen the ability to confer
ductility or plasticity to bone (i.e., allows deformation to continue once permanent damage begins
to form in the matrix) and decreases with age along with fracture resistance. Thus, dehydration by
air-drying or by solvents with less hydrogen bonding capacity causes bone to become brittle, but
interestingly, it also increases stiffness and strength across the hierarchical levels of organization.
Despite the importance of matrix hydration to fracture resistance, little is known about why bound
water decreases with age in hydrated human bone. Using *H nuclear magnetic resonance (NMR),
both bound and pore water concentrations in bone can be measured ex vivo because the proton
relaxation times differ between the two water compartments giving rise to two distinct signals.
There are also emerging techniques to measure bound and pore water in vivo with magnetic
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resonance imaging (MRI). NMR/MRI-derived bound water concentration is positively correlated
with both strength and toughness of hydrated bone, and may become a useful clinical marker of
fracture risk.
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Introduction: Water compartments of bone

The three primary constituents of bone are i) fribrillar type 1 collagen (~35-45% by volume)
with enzymatic and non-enzymatic crosslinks, ii) calcium (Ca2*)-phosphate (PO437) (~35-
45% by volume) in the form of semi-crystalline hydroxyapatite with carbonate substitutions
and various vacancies, and iii) water (~15-25% by volume) [1, 2]. Arguably, water is the
least studied constituent, even less than the non-collagenous proteins and growth factors
within the matrix of bone (~ 1% by volume). As part of the bone anatomy, extracellular
water occupies the intra-cortical porosity, which includes the vascular space comprising
Haversian and VVolkmann’s canals (5-20%), and the lacuno-canalicular network (~ 1%)
(Fig. 1A) [3, 4]. This is commonly referred to as free, mobile, or pore water and can move
according to pressure gradients that develop during movement of skeleton. Since certain
residues of the collagen molecule are hydrophilic (e.g., lysine, arginine, and
hydroxyproline), water molecules naturally associate themselves with the matrix. The
osteoid secreted by osteoblasts is essentially hydrated collagen, and as the collagen
mineralizes, water is displaced [5] though not completely. Recent evidence strongly suggests
that water bound to the crystal surface actually helps orient apatite crystals during
biomineralization [6]. Water can either be loosely or tightly bound to the matrix (Fig. 1B,
1C), and the amount of bound water occupying absorption sites has been estimated to be
about 45 mg of H,O per gram of human bone [7] and 40 mg of H,O per gram of bovine
bone [8] as determined by dielectric measurements. Bound water similarly exists in other
mineralized tissues such as dentin — a bone-like substance with type 1 collagen, calcium-
phosphate mineral, and water — that exists below the enamel of teeth.

The classic way to determine free and bound water is to perform calorimetry on frozen
tissues to quantify the amount of free water (that which freezes) and then quantify the total
water by drying the sample [9]. This approach is not without its limitations (dependent on
freezing temperature and drying does not remove all water). Nonetheless, using this
principle of non-freezable water in tissues, dynamic mechanical spectroscopy was
performed on human dura mater [10] and rat tail tendons [11] as a function of increasing
temperature (well below freezing from 80 K to 300 K) with the collagen samples having
different levels of re-hydration (<0.01 g/g to 0.61 g/g of collagen) in order to deduce water-
collagen interactions. This involves i) twisting collagen ~2° while under constant stress
within a cryostat, ii) releasing the torque to monitor the free oscillation of the collagen as it
returns to equilibrium while still under tensile stress, and iii) repeating the twist and
oscillation monitoring after increasing temperature by 2 K [12]. In doing so, the logarithmic
change in amplitude over the nth oscillation increases (faster decay) as temperature
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increases with several relaxation peaks indicating that different compartments of water
within the collagen thaw at different temperatures below 273 K (0 °C). Coupled with other
observations from low temperature X-ray diffraction, Nomura et al. [10] proposed that these
changes in oscillation behavior (or rigidity) corresponded to i) non-freezable, ‘hidden” water
(0-0.07 g/g of collagen) existing within the tropocollagen molecule, ii) non-freezable,
tightly bound water (0.07-0.25 g/g) associated with hydrophilic residues among the collagen
helices (Fig. 1C), iii) transition water or loosely bound water that is partially freezable
(0.25-0.45 g¢/g) and interacts with polysaccharides, and iv) freezable, free water (>0.45 g/g)
that exists in gaps between microfibrils (Fig. 1). Pineri et al. [11] proposed a similar model
refining tightly bound water as either triple hydrogen bonding within the helix involving
hydroxyproline or double hydrogen bonding with other hydrophilic sites of the collagen
molecule. Additional X-ray diffraction studies of tendon [13] and synthetic collagen-like
polypeptides [14] support the presence of at least two water molecules forming an interchain
hydrogen-bonded bridge between polar groups of amino acids (Fig. 1C), and this bound
water contributes to the highly ordered structure of collagen [15-17]. Taken together, these
studies suggest the existence of water interacting with collagen with varying degrees of
entrapment: water molecules trapped inside the collagen triple helix require a greater drop in
temperature to freeze than those located between neighboring collagen molecules, which in
turn require an even less of a temperature drop to freeze than water molecules present
between the fibers (Fig. 1).

In the case of mineralized collagen, bound water also exists as an organized layer between
mineral crystals and collagen molecules with an initial estimated thickness of 0.160 nm [18]
and later measured to be ~0.230-0.255 nm (distance between water protons and surface
phosphorus atoms) [19]. This water-mineral interaction presumably arises as the surfaces of
mineral crystals are charged [20]. However, recent work indicates that there are multiple
compartments of water in the mineral phase. Coupling thermogravimetric analyzer to a mass
spectrometer in tandem, Mkukuma and co-workers [21, 22] observed the removal of water
peaked around 100 °C (~63% of water in bone) and again around 350 °C with the latter peak
corresponding to a carbon dioxide peak (i.e., collagen removal). The water that is eliminated
before bone reaches 200 °C is the aforementioned loosely to tightly bound water within
collagen but also water absorbed to mineral crystals (water remaining after centrifuging
hydroxyapatite at 40,000 g [23]). The water that is entirely eliminated by raising the
temperature to 540 °C (after collagen removal) is likely trapped in the mineral phase and is
referred here as structural water (Fig. 1D).

The evidence of this structural water comes from nuclear magnetic resonance (NMR)
studies of mineralized tissue and synthetic hydroxyapatite. Analyzing dentine, enamel,
cementum, and bone with broad-line proton (*H) NMR, Casciani detected a loss of proton
resonance of hydrate water when heating bone from 215 °C to 540 °C [24]. Using solid-state
NMR (magic-angle spinning) and cross-polarization techniques (*H-31P), Wilson et al. [19]
identified structural water occupying vacancies in the mineral crystals of deproteinated bone
and identified hydroxide ions (OH™) in unmodified bone that participated in hydrogen
bonding with neighboring water molecules within the mineral crystal. As a side note, the
hydroxyl content of bone is about 21% of the stoichiometric-indicated amount in
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hydroxyapatite [25]. Also, the actual distance between collagen and mineral decreases with
a reduction in the level of hydration [26]. More recently, analyzing synthetic
hydroxyapatites with variable carbonate content by 2H NMR after heating (150 °C and 500
°C) confirmed the existence of water deep in the crystal lattice of mineral [27]. Then, using
multinuclear solid-state NMR (including 7O NMR), Davis et al. [28] deduced that a hydrate
layer involving octacalcium-phosphate-citrate bridges mineral platelets. Thus, water is a part
of the crystal lattice of mineral in bone (Fig. 1D). The functional significance of this
structural water is not entirely clear, but may play a role in mineral crystal aggregation that
forms a continuum and is present after the removal of collagen [28] and may provide
stability to imperfections (i.e., vacancies) that are inherent in the crystals [19]. In addition to
these roles in mineralization, bound water and pore water appear to be important attributes
in the ability of mineralized tissues like bone and teeth to resist fracture as described below.

Effect of thermal dehydration on the mechanical properties of bone

Water influences the mechanical behavior of bone and is a primary determinant of fracture
resistance. Along with collagen, it confers ductility or plasticity to bone (i.e., deformation
beyond the elastic limit or yield point). In this section, we address the effect of removing
water through thermal dehydration (e.g., air drying at room temperature or drying in a
vacuum oven at elevated temperatures below 115°C) on bone mechanical properties at
different hierarchical levels of organization (Table 1).

Mineralized fibril level (~100 nm)

Using atomic force microscopy to perform quasi-static indentations to a 120 nm depth on
equine cortical bone (mineralized), Faingold et al. [29] showed that a small decrease in
water content (from 12% by wt to 9% by wt of water) drastically increased the stiffness of
bundles of mineralized fibrils, and this occurred for indentations parallel (+83%) or
orthogonal (+54%) to the fibril. The stiffening of the mineralized fibrils is most likely due to
the stiffening of the collagen phase upon dehydration, as found experimentally with AFM
experiments on rat tail tendon [30] and predicted by a model of the nanomechanics of a
collagen microfibril [31]. Along with an increase in stiffhess, tighter molecular packing of
the collagen relative to the mineral phase occurs with dehydration [18, 32].

Lamellar level (~1-10 pum)

Moving up to the scale of the lamella, Young’s modulus and hardness, as determined by
nanoindentation, are consistently found to be lower by 30-50% in hydrated bone samples
compared to the dehydrated ones [29, 33-38]. Performing nanoindentation experiments on
bovine plexiform bone, Seto et al. [39] found that the ratio of mean elastic moduli measured
along the direction of the fiber to those measured perpendicular to the fiber (anisotropy) is
greater under wet conditions than compared to the dry tissue. This suggests that the extent of
stiffening upon dehydration is not isotropic but greater in the direction perpendicular to the
fiber. Comparable results were obtained using microindentation (2.5 um depth) on
mineralized tendon [40] and human trabecular vertebrae [41] with the anisotropy ratio (axial
to transverse indentation direction) being higher for wet than for dry indentations.
Interestingly, Faingold et al. [29] reported the opposite behavior (i.e., a slight increase in the
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anisotropy ratio with dehydration). An explanation could be that the average fibril
orientation in their samples (metacarpal equine bone) was ~45° to the long axis of the osteon
(rotated plywood arrangement) and had an anisotropy ratio close to one for wet bone. The
dehydration may have affected the collagen orientation away from 45°, thereby imparting
some anisotropic elastic behavior in the dry tissue. Presumably, the anisotropic changes in
elasticity noticed in previous studies occurred because the collagen fibrils were oriented
parallel to the direction of indentation. Water content in bone also influences relaxation
phenomena. This was assessed at the tissue level in mouse femora using dynamic
nanoindentation (200 nm depth). The viscous damping characterized by the loss factor or tan
8, in which & is the phase shift between the imparted stress and the strain response, dropped
to zero in the dry bones, confirming the loss of viscoelasticity upon dehydration to purely
elastic behavior [42]. To date, the contribution of the different water compartments to
fatigue resistance has not been investigated, though the expectation is that dehydration
would increase microdamage accumulation, thereby reducing fatigue life. Pore water was
observed to increase as a consequence of the increase in fatigue-induced microdamage in
cortical bone due to cyclic loading [43].

Osteonal level (~50-100 pm)

At the scale of the osteon level, microindentation measurements reveal the same trend as the
one observed at the smaller length scales. That is, dehydration causes an increase in
hardness and modulus [29, 38, 41, 44, 45]. Viewing microindents with confocal laser
scanning microscopy revealed the formation of indentation-induced microcracks in the
dehydrated bones only, possibly as an alternate energy dissipation mechanism to viscous
damping [45].

Material level (~1 mm)

At the apparent-level, removal of water leads to a significant increase in bone stiffness or
modulus [44, 46-49] and a decrease in bone toughness or post-yield toughness [48-51]
suggesting that water influences both the pre and post-yield behaviors of bone, respectively.
Dehydration affects post-yield properties more so than elastic properties as shown by
Nyman et al. [50] where a minimal amount of water loss (<3% wt) had no effect on modulus
or yield strength but produced a significant decrease in post-yield strain of bone from both
young (<50 years) and elderly (>70 years) donors. Dehydration also significantly impairs
fracture toughness, i.e. the ability of bone to resist crack initiation [51-53]. Analyzing the
resistance to fracture in notched bovine teeth, work to fracture was reduced by 80% in
dehydrated specimens [54]. Crack growth resistance of a material manifests itself through
intrinsic toughening mechanisms (e.g., formation of microcracks ahead of the crack tip and
debonding between lamellae), and extrinsic toughening mechanisms that operate behind the
crack tip (e.g. crack deflection and ligament bridging) [55]. Optical observations on both
hydrated and dehydrated dentin [54] revealed that loss of fracture toughness upon
dehydration essentially results from the loss of extrinsic toughening mechanisms, precisely
the inability of dehydrated tissue to form fibrous bridges in the wake of the crack. Finally,
dynamic mechanical analyses indicate that bone viscoelastic behavior is most likely
governed by water content rather than by collagen morphology as denaturing collagen by
heat did not affect the storage modulus per loss modulus (i.e., tan & is the viscous damping
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behavior under dynamic loading) of hydrated bone but water removal profoundly reduced
tan 8, whether or not the collagen was denatured [56]. The larger viscoelasticity in wet bones
compared to dry bones was also reported in human tibia [57] and bovine cortical bone [58].
Also, pore water present in wet bone, but not dry, contributes to hydraulic stiffening of bone
as suggested by fluid flow constitutive models of cortical bone [59]. In an analytical model
of cortical bone, loss of creep upon partial dehydration was attributed to the loss of bound
water residing between mineral crystals, which facilitated ductile sliding (and thereby
energy dissipation) between mineral crystals [60].

Effect of dehydration with solvents on the mechanical properties of bone

To further establish the importance of hydration to mechanical behavior of bone, chemical
dehydration can be used to remove water while maintaining hydrogen-hydrogen bonding
with collagen. The specimen is placed in a non-aqueous solution that is miscible with water,
allowing the water to diffuse from the collagen and pores into the other solvent, which is
present in great excess. This removal of water is reversible by simple rehydration in saline
solution [61-64]. The effect of solvents on bone properties has been addressed in a number
of studies (Table 1) because solvents are generally used as part of the sterilization process to
manufacture bone allografts as well as in dentistry.

Relative to water, ethanol increases tissue stiffness at several length scales: increased elastic
modulus as measured by AFM [65] and nanoindentation [66, 67], increased microhardness
with increasing ethanol concentrations [68], and increased stiffness at the millimeter scale
[61, 65]. The increased stiffness of tissues dehydrated in polar solvents presumably
originates from the shrinkage of the tissue, the latter being inversely related to the hydrogen
bonding capability of the solvent [69]. In the hydrated state, water-mediated hydrogen bonds
(also called water bridges) link adjacent tropocollagen molecules (Fig. 1C) [70]. Removal of
water from the collagen microfibril permits additional hydrogen bonds to form between
collagen molecules (direct collagen-collagen bonding) and thereby may participate in
strengthening the fibrils [62, 71] as well as embrittling the collagen phase. Deep ultra-violet
Raman analyses of bone revealed changes in the Amide | band when ethanol replaced water
[65], indicating changes in the protein conformation in the organic matrix as direct collagen-
collagen bonding increases with dehydration.

The extent to which a solvent can replace water depends on its polarity (potential difference
between positive and negative electrical charges across the molecule that arises because two
covalently bonded atoms do not share electrons equally), molecular size (dependent on the
number of atoms and their size), and hydrogen bonding capability (the ability of an
electronegative atom like oxygen to share a proton with another electronegative atom in
which the strength of the hydrogen bond increases as the electronegativity of sharing atoms
increases) [72]. When dehydrated bone (70 °C for ~4 hours) was soaked in ethylene glycol
(similar polarity as water but larger molecular size), dimethylformamide (acceptor of
proton), or carbon tetrachloride (non-polar), a significant volume fraction of the original
matrix water was not replaced (at least 15% not replaced depending on the solvent). The
specimens immersed in these solvents had significantly higher Young’s modulus, higher
strength, and lower post-yield deformation at the apparent level than the rehydrated bone
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specimens, illustrating the same brittleness behavior as bones that were air- or heat-
dehydrated. In a study on the effect of fixation techniques on mechanical properties of bone,
specimens of human and bovine cortical bone were stored for 6 months in ethyl alcohol-
glycerine-phenol (96%-3%-1% by volume), which primarily dehydrates the bone (though
some fixation may occur), and then subjected to a three point bending test. Compared to
fresh-frozen control samples, the alcohol-soaked bone samples had higher strength and
lower post-yield toughness [73].

Conversely to what is observed with thermal dehydration of cortical bone (Table 1), ethanol
dehydration actually causes an increase in fracture toughness, i.e. crack initiation toughness
[63, 64] and growth toughness [61] of dentin (elephant tusk). Using acetone, methanol, and
ethanol, Nalla et al. [65] found that both crack initiation and growth toughness significantly
increased with decreasing hydrogen bonding energy. As previously mentioned, water forms
hydrogen-bond bridges connecting adjacent chains of collagen (Fig. 1C). Because organic
solvents have weaker hydrogen-bonding capability than water, these solvents form fewer
bridges across the chains. Thereupon, more hydrogen bonding sites are available on the
collagen chains, allowing for an increase in direct collagen-collagen hydrogen-bonding (i.e.,
sharing a proton between oxygen and nitrogen on two different residues of the polypeptide).
The latter is thought to explain the presence of more uncracked-ligament bridges in the wake
of the crack, thereby improving one of the extrinsic toughening mechanisms of bone [61].
Ultimately though, fewer hydrogen-bonded bridges in collagen translate to less plastic or
more brittle bone. There are no studies reporting whether these polar solvents increase the
fracture toughness properties of human cortical bone. Presumably, with thermal dehydration,
there are no water or solvent bridges, and this toughening mechanism is absent. Given the
known effects of solvents on post-yield properties and the higher critical stress intensity
factor but lower work-to-fracture of notched bovine cortical bone stored in 70% ethanol
(reversible when rehydrated) [64], ethanol would likely decrease the non-linear strain energy
dissipation of bone (J-integral) even if it increased the crack initiation toughness of human
bone.

While the dehydration studies (Table 1) demonstrate that water influences mechanical
behavior, bones in vivo do not dry out. Thus, to connect the importance of bound water and
pore water to fracture resistance of bone, we need a method to quantify these water
compartments both ex vivo and in vivo.

Assessing water in bone with magnetic resonance techniques

Magnetic resonance imaging (MRI) is a common medical imaging modality that generates
tomographic maps of the NMR signal from the hydrogen (*H) nucleus (i.e., a proton). As
such, MRI primarily visualizes water and fat, and the image contrast is largely dictated by a
combination of i) proton density, ii) the longitudinal relaxation time constant (T4, which is
the time constant of proton magnet moments’ return to thermal equilibrium), and iii) the
transverse relaxation time constant (T, or To*, which are, simply put, the time constants of
the decay of the observable NMR signal, with or without removing the effects of spatial
variations in the magnetic field, respectively). Because conventional MRI requires a finite
time delay (> 1 ms) between signal excitation and acquisition in order to spatially encode the
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NMR signal, cortical bone, with its relatively low proton density (= Y4 that of soft tissues)
and short T, (< 1 ms), generally provides no signal. However, specialized MRI methods for
measuring signal from cortical bone have now been established (see Imaging bound water
and pore water in the bones of humans, below) and are currently being investigated as a
clinical approach for evaluating bone fracture risk. To understand the challenges of imaging
bound water and pore water in bone, we first describe the underlying 1H NMR signal
characteristics from cortical bone with respect to magnetic field strength (Bg). The ability to
distinguish proton signals from different sources depends on B,

The history of quantitative measures of the 1TH NMR signal from cortical bone is relatively
short, beginning with measures of T1 (= 300 ms) and T, (~ 250 us) made at a magnetic
field strength (Bg = 2T) in the range typical of clinical MRI systems [74]. In a subsequent
study by the same group [75], quantitative measures of water content with 1H NMR at By =
9.4T were shown to negatively correlate with mineral content, as measured with 31P NMR,
indicating the potential for MRI to provide an indirect measure of the amount of mineral in
bone. In this latter study, bone was collected from a rabbit model of osteomalacia
(hypomineralization induced by low phosphorus diet vs. normal diet).

Meanwhile, two groups with backgrounds in NMR characterization of porous media also
began studying the IH NMR signal from cortical bone. Fantazzini and colleagues applied 1H
NMR relaxometry methods to bovine and porcine cortical bone samples at low-field (Bg =
0.47 T) [76]. Free induction decay (FID) signals as a function of T,* were found to exhibit a
rapidly-decaying Gaussian-shaped component, reasoned to be from the relatively immobile
collagen protons, and a longer-lived “liquid like” component from water inside the solid
material of bone. Further, these short and long-lived signals were observed to have similar
longitudinal relaxation time constants (T4), which was argued to reflect cross-relaxation
between the collagen and water protons suggesting the source of signal was bound water.
Spin-echo signals, analyzed as a distribution T, values, showed a dominant component with
T, ~ 400 ps and a small tail of more slowly relaxing signals. This latter distribution of
signal with T,’s > 400 ps likely reflected pore water signal, but it was not further
investigated in that study.

Independently and around the same time, Wang and Ni [77, 78], also following the methods
of NMR studies of porous media, performed more detailed analyses of the distribution of T,
times of 'H NMR signals in cortical bone. These measures were performed at very low
magnetic field strength (Bg = 0.047 T) and revealed signal components with intermediate
(T, =1-10 ms) and longer (T, = 10-100 ms) relaxation times, which correlated strongly
with independent measures of smaller (osteocytic lacunae) and larger (Harversian) pore
volumes, respectively. These observations were consistent with the model that relaxation
rates of water in porous media are proportional to the surface to volume ratio of the pores.
Subsequent work from the same group [79], performed at By = 0.63 T (closer to clinical
MRI field strengths), also looked at FID signals (similar to the work by Fantazzini et al.
[76]) and identified two sub-millisecond components reasoned to be derived from solid and
bound-water protons. Also, as discussed below, this signal characterization was later shown
to correlate with mechanical properties in cortical bone specimens [80].
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This series of papers provided the essential foundation for much of the current application of
MRI to characterize the bound and pore water compartments of cortical bone; however,
most of the work was not done at clinical MRI magnetic field strengths (typically Bg = 1.5 -
3.0 T), and the assignment of signal components to anatomical origins was logical but not
rigorously evaluated.

Building from these previous studies, Horch et al. presented more comprehensive 1H NMR
studies of human (cadaveric) cortical bone specimens [81]. These experiments included T,
relaxometry, (similar to the aforementioned studies by Wang and colleagues, but spanning a
broader T, domain), removing water and exchangeable proton signals by sample preparation
with deuterated buffer (similar to the previous studies of Fernandez-Seara et al.[75, 82]), and
relaxation-exchange spectroscopy to identify physical relationships between signals with
different T, time constants. Collectively, these measures identified the dominant proton
signal source from three domains of T,: matrix solid protons (T, < 100 ps), collagen-bound
water (T, ~ 400 ps), and pore water (T, > 1 ms) (see Fig. 2). Exchangeable protons on
collagen and lipid methylene protons were identified as secondary contributors to the signals
in the intermediate and long T, domains, respectively. The assignments of the bound and
pore water signals, which are the most relevant to clinical MRI measures, were supported by
independent studies by Ong et al. using deuterated samples and direct observation of the 2H
NMR signal [83]. Thus, the ability to distinguish bound and pore water based on T, was
well established, but the works of Horch et al. [81] and Ong et al. [83] were done at By =
4.7T and 9.4T, respectively, so the relaxation characteristics of bound and pore water signals
at common clinical MRI fields strengths remained somewhat unclear.

Imaging bound water and pore water in the bones of humans

Translation of this cortical bone 1H NMR signal characterization into a clinically practical
MRI method for quantitative imaging of bound and/or pore water required overcoming
multiple challenges and remains in development. First, since the bound water signal decays
quite rapidly (T, ~ 400 ps), little signal is observed in conventional MRI methods which
typically involve a delay time (known as the echo time, TE) of 1 ms or greater between
signal excitation and observation. This limitation has been largely overcome through ultra-
short echo time (UTE) methods [84, 85], which involve signal acquisition as short as 8 ps
after the end of signal excitation, although typically closer to 100 ps. Much of the signal
with T, < 100 ps is lost during signal excitation and acquisition, regardless. Thus, UTE MRI
is able to measure signals from both bound water (T, = 400 ps) and pore water (T, > 1 ms)
in cortical bone, and the use of a signal reference with known water density and relaxation
rates can be used to convert image intensity into quantitative measures of water density (Fig.
3) [86]. However, the methods used to measure the distribution of T, times with 1H NMR
are not directly applicable to UTE MRI, so an alternate strategy is needed to distinguish the
bound and pore water signals when imaging.

To date, two approaches show promise for quantitative in vivo measurement of bound and
pore water in individuals using MRI. One approach involves the acquisition of multiple
UTE images with different echo times (TEs) between 8 ps and 20 ms. Then, the signal decay
from any given cortical bone image voxel is fitted with a bi-exponential model, where the
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fast relaxing component is presumed to be from bound water and the slow relaxing
component from pore water [87]. One potential challenge of this method is that the
acquisition of multiple images is, generally, time-consuming, requiring the subject to remain
in the magnet for an extended period of time. There is, however, a fast two-dimensional
(2D) implementation of this approach which shares NMR signal across acquisitions with
different TEs, permitting scan times of a few minutes [88]. The trade-off is that water is only
assessed for one slice of bone, and the signal sharing may impart error on the signal
analysis. Another challenge of this approach is that the magnetic field perturbation in the
porous regions of cortical bone broadens the pore water line width thereby accelerating its
apparent transverse relaxation rate (1/T,*) as measured by UTE. That is, the time constants
of signal decay with this method are characterized as T,*, as opposed to T, values. This
may make it difficult to distinguish signals of pore water from bound water, particularly at
increasing magnetic field strengths. Also, the presence of lipid signal, which oscillates
relative to the water signal, will complicate the analysis. Nonetheless, experimental studies
show promise for this approach at current clinical field strengths but indicate that it may not
work well at higher field strengths (e.g., Bo = 7T) [89].

An alternative approach to distinguishing bound and pore water signals in UTE is through
T, and/or Ty selective magnetization preparation prior to UTE acquisition. In other words,
pore water signal is nulled or suppressed during acquisition of the bound water signal and
vice versa. With this approach, a bound or pore water image is formed and converted to a
quantitative measure of water equivalent proton concentration by comparison to a known
reference (as described above) [90]. This approach is largely insensitive to the line
broadening effects on pore water with increasing magnetic field — that is, the method is
distinguishing bound and pore water based on their T, as opposed to To* values. Also, it is
not confounded by an oscillating lipid signal — the lipid signal will show up as a pore water
signal. The primary drawback to this approach though is that it requires two independent
acquisitions to measure both bound and pore water concentrations. Recent studies on a
clinical 3.0T MRI system show promise for this approach as well [91, 92].

Relationships between water compartments and the material properties of

bone

The development of IH NMR spectroscopy and UTE MRI over the past 10 years has
facilitated investigations into whether the different water compartments (i.e., bound and pore
water) are related to the mechanical properties of hydrated bone. Because there is an age-
related decrease in bound water [80] (Fig. 4) but also an age-related increase in porosity [93,
94] or bone water concentration [89], these two magnetic resonance outcomes should be
considered independently when making comparisons between water compartments and bone
mechanical properties. As demonstrated by Horch and coworkers [95], the total amount of
proton signal from human cortical bone did not explain the age-related changes in peak
stress assessed via a three-point bending test, whereas bound and pore water per bone
volume significantly explained the variance in strength and flexural modulus (R2 = [0.48—
0.68]). As described in the previous section, this total signal included solid protons of the
matrix, bound water, and pore water as determined by the T, spectrum of the three proton
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pools from high field 1H NMR (Fig. 2). Similar correlations between peak stress of human
cortical bone and bound water or peak stress and pore water were obtained using the same
NMR technique but for the peak stress at the notch of single-edge notched beam specimens
(Fig. 5). Based on the same principle (i.e., distinguishing the protons pools among matrix,
bound water and pore or mobile water) but using spectra of T,* relaxation times from low-
field IH NMR (free induction decay signals), Nyman et al. [80] also found that bound water
per wet bone mass was positively associated with both peak bending strength (R? = 0.36)
and toughness (R? = 0.40), while pore water per bone mass negatively correlated with
modulus of elasticity (R2 = 0.25). Recently, we found that bound water and pore water
correlated to fracture toughness properties to a greater extent than age [96]. Thus, bound
water appears to be more important to post-yield properties as it gives collagen ductility
[48], whereas pore water is more important to elastic properties as porosity contributes to
stiffness [97].

In a recent study, Bae et al. [98] implemented three-dimensional (3D) and 2D UTE MRI
sequences to measure total bone water content and to distinguish bound (short To* ~ 200-
400 ps) from pore water (longer To*~ 1-4 ms) using a T,* bi-component analysis of human
cortical bone, respectively. In such an approach, bound and free water components are not
independent measures but inversely related to each other (the T,* short and long fractions
sum to 100%). Determining mechanical properties from monotonic load-to-failure tests in
four point bending, they found that the long T,* relaxation time (i.e. how fast the free water
relaxes) was directly associated with energy-to-failure (R = 0.17), while the long T,*
fraction (presumably related to the signal from pore water) was inversely correlated with
failure strain (R? = 0.14). There was also direct correlation between the short To* relaxation
time (i.e., how fast the bound water relaxes) and energy-to-failure (R2 = 0.30) as well as
failure strain (R2 = 0.29). In contrast, there were no significant correlations with the
modulus, yield strain, and yield stress of cortical bone among any of the NMR properties
indicating that bi-component analysis of water signals is partially sensitive to the variance in
post-yield mechanical properties.

To the best of our knowledge, there is only one study correlating the mechanical properties
of trabecular bone to bound water. Using 1H NMR to investigate changes in trabecular bone
water content in rats between normal, bone loss (osteopenia induced by lactation or
ovariectomy), and bone restoration (PTH administration after ovariectomy), Rai et al. [99]
found that bound water decreased significantly in both osteopenic and bone restoration
groups compared to control. The absence of changes in bound water after a gain of bone
mass (restoration group) likely explains why, in this study, bound water did not correlate
with compression parameters (stiffness and energy to failure). Further studies are still
necessary to determine the contribution of bound water to the apparent mechanical behavior
of trabecular bone. Further development and application of high resolution MRI to
trabecular bone is however crucial as it can image trabecular bone architecture as an
alternative, non-irradiation method to peripheral quantitative computed tomography [100].
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Drug effects on hydration

Although not widely prescribed for osteoporosis relative to bisphosphonates, raloxifene — a
selective estrogen receptor modulator - decreases fracture risk without much of an increase
in areal bone mineral density [101]. In pre-clinical models of estrogen withdrawal
(ovariectomy in rats), raloxifene affected tissue properties of bone as determined by
nanoindentation [102] and increased estimated material strength and toughness as
determined by three-point bending, albeit the effect was greater when combined with
estrogen [103]. In addition, raloxifene treatment of intact, mature female dogs also improved
bone mechanical properties in ways that appear to be independent of aBMD [104, 105].
Thus, a non-cellular, matrix-based mechanism of action has been proposed for the effect of
raloxifene on fracture risk. Gallant and coworkers [106] measured bound water via 3D UTE
MRI in human and canine bone samples incubated in raloxifene (dissolved in dimethyl
sulfoxide) for two weeks. Material-level properties derived from four-point bending
indicated that raloxifene induced changes predominantly in the post-yield properties with a
greater energy to failure (+34% in canine), post-yield energy (+38% in canine), and higher
toughness (+22% in human). Part of this improvement in bone toughness was attributed to
the significantly increased matrix-bound water content (+17%), independent of porosity.
This was supported by the significant correlation in the raloxifene-treated specimens
between bound water and post-yield properties (post-yield energy to failure: R? = 0.54).

In an ovariectomized (OVX) rat model [107], bisphosphonate treatment (alendronate at
0.025 mg/kg/day) decreased total water content assessed with UTE MRI of the femur (-19%
relative to OV X animals). Total water did not correlate with elastic modulus and strength
across specimens but did so for the mean of each experimental group. In this study, a
decrease in mean water content was systematically paralleled with an increase in the mean
degree of mineralization, which likely explains the negative correlation between water
content and mechanical properties across group means.

Possible mechanisms by which water contributes to fracture resistance

Pore water derived from NMR or MRI techniques undoubtedly provides a surrogate
measure of intracortical porosity, as depicted through the significant correlations in human
cortical bone between pore water measured from a clinical 3T scanner and the porosity
assessed with micro-computed tomography (UCT) (R2 = 0.77 in [89], R2 = 0.83 in [108], R?
=0.31 in [98]) and between porosity derived from NMR analysis of the long T, (or T»*)
component and porosity assessed by histomorphometry (R2 = 0.72 in [77], RZ = 0.64 in
[80]). As such, an increase in pore water should translate in a loss of bone stiffness and
strength as porosity weakens the tissue [109]. In addition, porosity is a major determinant of
fracture toughness, as an increase porosity produces more stress concentrators in the tissue
and a reduction of the net loading area [110]. This was also observed in a dataset of 62
human cortical specimens where pore water (derived from IH NMR) significantly correlated
with crack initiation toughness (p=-0.53) [96].

The role of bound water in the mechanical behavior of bone is less clear. In so far as bound
water requires matrix, then it is inversely proportional to pore water (more porosity
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translates to less matrix). While this is true, we have yet to observe a correlation coefficient
(p) between the two compartments near 1 with considerable scatter though slope is
significantly different than 0 (Fig. 6). Thus, bound water is not simply another surrogate of
porosity. As previously discussed, mineralization displaces water from osteoid. In rodents,
the degree of mineralization within cortical bone tissue of the diaphysis increases throughout
life, and we observe that tissue mineral density (TMD), as determined by puCT, increases,
while bound water fraction per bone matrix volume decreases (Fig. 7). This implies that
bound water is a surrogate of mineralization or ash fraction of bone, at least for rodents
whose bones do not undergo intracortical remodeling. However, bound water in human
cortical bone decreases with age, despite bone turnover or osteonal remodeling throughout
life with only modest changes in TMD or ash fraction, if at all, with age after skeletal
maturation [111]. Also, bound water [95] and bone density [112] are both directly correlated
with material strength of human cortical bone.

Bound water likely has multiple determinants, all interrelated, and this could explain why
bound water correlates with multiple material properties (strength, toughness, and resistance
to crack propagation). Other than primary or secondary mineralization, there is little known
about what attributes of bone influence bound water. We can speculate nonetheless that
collagen crosslinking, non-collagenous proteins (NCPs), and proteoglycans influence bound
water as they are present in the extracellular matrix of bone and can affect hydrogen bonding
sites. There are two general types of collagen crosslinks: enzymatic and non-enzymatic.
Enzymatic crosslinking participates in the fibrillation of collagen. There is the possibility
that if the function of lysyl oxidase, the main crosslinking enzyme, is disrupted (e.g., copper
deficiency or osteolathyrism), the packing of collagen fibrils is abnormal. Whether this leads
to a decrease in bound water (or increase for that matter) is not known, but disrupting lysyl
oxidase with a toxin does decrease toughness and fracture toughness of mouse bone without
affecting TMD [113]. Through reactions with sugar, non-enzymatic collagen crosslinks
accumulate over time and can occur at multiple sites (e.g., lysine and arginine) along the
collagen molecule. They stiffen the collagen [114, 115] much like dehydration does. Again,
there is no evidence that the accumulation of non-enzymatic collagen crosslinks (e.g.,
pentosidine or glucosepane) in mineralized tissues affects the way water binds to the matrix,
but at least in soft tissues, collagen with fewer crosslinks seems to participate in more
hydrogen-hydrogen bonding with water [116]. Inducing crosslinks with glutaraldehyde
induces tighter packing of the collagen fibrils, thereby causing a dehydration effect [117].
Bone has NCPs such as osteopontin, osteocalclin, and osteonectin and proteoglycans such as
biglycan and decorin. While each of these factors has multiple biological functions in bone,
they are highly polar and thus could attract water into the bone matrix.

Future Directions

Given the importance of water compartments to the mechanical behavior of bone, finding
ways to manipulate water distribution to promote fracture resistance could lead to new
therapies that lower fracture risk. This requires experimental studies establishing what in the
bone matrix causes greater or less bound water per bone tissue volume. The aforementioned
findings from the study involving ex vivo exposure of bone to raloxifene [106] point to
hydroxyl groups, which facilitate hydrogen-hydrogen bonding, as being one possible path to

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

Page 14

explore. There is also the availability of genetic models to identify signaling pathways that
favor higher bound water and lower pore water and rodent models of disease to identify
changes in bone matrix that decrease bound water. With respect to fully realizing the use of
water compartments to improve clinical assessment of fracture risk, technical advances
include: optimizing data analysis to improve precision and accuracy, speeding up scan time,
and increasing the signal-to-noise ratio. Ultimately, the ability of MRI-derived
measurements of bound water and pore water to predict fracture needs to be established first
in cross-sectional (fracture vs. non-fracture cases) and then in longitudinal studies. Such
evidence would provide the impetus to use MRI for assessing the effect of drugs and
diseases such as diabetes on bound water and pore water in bone.

In summary, water is an integral constituent that influences the mechanical properties of
bone. The fundamental role of water lies in its existence within different compartments at
different hierarchical levels of organization. Structural or tightly bound water (i.e., water
molecules located inside the tropocollagen triple helix) stabilize the collagen conformation
and assembly. Water molecules bound to the collagen surface confer bone its ductility
(capacity to endure large plastic strain without catastrophic failure). Free water residing in
pores likely participates in the hydraulic stiffening of bone. Each compartment of water
contributes to different properties of bone mechanical behavior, which justifies the
development of techniques able to separate bound from pore water to better predict fracture
risk and prevent the decline of bone health.

Acknowledgments

Our work investigating the role of water in bone is made possible by funding from The National Institute of
Arthritis and Musculoskeletal and Skin Diseases and The National Institute of Biomedical Imaging and
Bioengineering of the National Institutes of Health (NIH) under Award Numbers AR063157 and EB014308,
respectively. We thank the Musculoskeletal Tissue Foundation (Edison, NJ) and the Vanderbilt Donor Program
(Nashville, TN) for providing cadaveric bone. We thank Mary Kate Manhard for providing the images of bound
water and pore water from the tibia of a subject.

References

1. Currey, JD. Biomechanics of mineralized skeletons. In: Carter, JG., editor. Skeletal
Biomineralization: Patterns, Processes and Evolutionary Trends. American Geophysical Union;
Washington, D. C: 1989. p. 11-25.

2. Mueller KH, Trias A, Ray RD. Bone density and composition. Age-related and pathological
changes in water and mineral content. J Bone Joint Surg Am. 1996; 48:140-148. [PubMed:
5902798]

3. Robinson RA. Bone tissue: composition and function. Johns Hopkins Med J. 1979; 145:10-24.
[PubMed: 376922]

4. Dong P, Haupert S, Hesse B, Langer M, Gouttenoire PJ, Bousson V, Peyrin F. 3D osteocyte lacunar
morphometric properties and distributions in human femoral cortical bone using synchrotron
radiation micro-CT images. Bone. 2014; 60:172-185. [PubMed: 24334189]

5. Robinson RA. Physicochemical structure of bone. Clin Orthop Relat Res. 1975:263-315. [PubMed:
1192643]

6. Wang Y, Von Euw S, Fernandes FM, Cassaignon S, Selmane M, Laurent G, Pehau-Arnaudet G,
Coelho C, Bonhomme-Coury L, Giraud-Guille MM, Babonneau F, Azais T, Nassif N. Water-
mediated structuring of bone apatite. Nat Mater. 2013; 12:1144-1153. [PubMed: 24193662]

7. Marino AA, Becker RO, Bachman CH. Dielectric determination of bound water of bone. Phys Med
Biol. 1967; 12:367-378. [PubMed: 6036199]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

Page 15

8. Maeda H, Fukada E. Effect of water on piezoelectric, dielectric, and elastic properties of bone.

Biopolymers. 1982; 21:2055-2068. [PubMed: 7171727]

9. Robinson W. Free and bound water determinations by the heat of fusion of ice method. J Biol

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24,

25.

26.

217.

28.

29.

Chem. 1931; 92:699-709.
10.

Nomura S, Hiltner A, Lando JB, Baer E. Interaction of water with native collagen. Biopolymers.
1977; 16:231-246. [PubMed: 831859]

Pineri MH, Escoubes M, Roche G. Water-collagen interactions: calorimetric and mechanical
experiments. Biopolymers. 1978; 17:2799-2815. [PubMed: 728548]

Armeniades CD, Kuriyama |, Roe JM, Baer E. Mechanical behavior of poly(ethyleoe
terephthalate) at cryogenic temperatures. J Macromol Sci, Part B. 1967; 1:777-791.

Fraser RD, MacRae TP, Suzuki E. Chain conformation in the collagen molecule. J Mol Biol. 1979;
129:463-481. [PubMed: 458854]

Okuyama K, Okuyama K, Arnott S, Takayanagi M, Kakudo M. Crystal and molecular structure of
a collagen-like polypeptide (Pro-Pro-Gly)10. J Mol Biol. 1981; 152:427-443. [PubMed: 7328660]
Lazarev YA, Grishkovsky BA, Khromova TB, Lazareva AV, Grechishko VS. Bound water in the
collagen-like triple-helical structure. Biopolymers. 1992; 32:189-195. [PubMed: 1637993]
Brodsky B, Persikov AV. Molecular structure of the collagen triple helix. Adv Protein Chem.
2005; 70:301-339. [PubMed: 15837519]

Bella J, Brodsky B, Berman HM. Hydration structure of a collagen peptide. Structure. 1995;
3:893-906. [PubMed: 8535783]

Lees S. A mixed packing model for bone collagen. Calcif Tissue Int. 1981; 33:591-602. [PubMed:
6799171]

Wilson EE, Awonusi A, Morris MD, Kohn DH, Tecklenburg MM, Beck LW. Highly ordered
interstitial water observed in bone by nuclear magnetic resonance. J Bone Miner Res. 2005;
20:625-634. [PubMed: 15765182]

Timmins PA, Wall JC. Bone water. Calcif Tissue Res. 1977; 23:1-5. [PubMed: 890540]
Mkukuma LD, Skakle JM, Gibson IR, Imrie CT, Aspden RM, Hukins DW. Effect of the
proportion of organic material in bone on thermal decomposition of bone mineral: an investigation
of a variety of bones from different species using thermogravimetric analysis coupled to mass
spectrometry, high-temperature X-ray diffraction, and Fourier transform infrared spectroscopy.
Calcif Tissue Int. 2004; 75:321-328. [PubMed: 15549647]

Mkukuma LD, Imrie CT, Skakle JM, Hukins DW, Aspden RM. Thermal stability and structure of
cancellous bone mineral from the femoral head of patients with osteoarthritis or osteoporosis. Ann
Rheum Dis. 2005; 64:222-225. [PubMed: 15647430]

Neuman WF, Neuman MW. The nature of the mineral phase of bone. Chem Rev. 1953; 53:1-45.
Casciani, FS. Identification of hydrate water in enamel, dentine, cementum and bone. In:
Fearnhead, RW.; Stack, MV., editors. Tooth Enamel Il: its composition, properties and
fundamental structure. John Wright & Sons, Ltd; Bristol: 1971. p. 14-23.

Cho G, Wu Y, Ackerman JL. Detection of hydroxyl ions in bone mineral by solid-state NMR
spectroscopy. Science. 2003; 300:1123-1127. [PubMed: 12750514]

Rai RK, Sinha N. Dehydration-Induced Structural Changes in the Collagen—Hydroxyapatite
Interface in Bone by High-Resolution Solid-State NMR Spectroscopy. J Phys Chem C. 2011,
115:14219-14227.

Yoder C, Pasteris J, Worcester K, Schermerhorn D, Sternlieb M, Goldenberg J, Wilt Z.
Dehydration and Rehydration of Carbonated Fluor- and Hydroxylapatite. Minerals. 2012; 2:100-
117.

Davies E, Muller KH, Wong WC, Pickard CJ, Reid DG, Skepper JN, Duer MJ. Citrate bridges
between mineral platelets in bone. Proc Natl Acad Sci U S A. 2014; 111:E1354-1363. [PubMed:
24706850]

Faingold A, Cohen SR, Shahar R, Weiner S, Rapoport L, Wagner HD. The effect of hydration on
mechanical anisotropy, topography and fibril organization of the osteonal lamellae. J Biomech.
2014; 47:367-372. [PubMed: 24332267]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 16

Wenger MP, Bozec L, Horton MA, Mesquida P. Mechanical properties of collagen fibrils. Biophys
J. 2007; 93:1255-1263. [PubMed: 17526569]

Gautieri A, Vesentini S, Redaelli A, Buehler MJ. Hierarchical structure and nanomechanics of
collagen microfibrils from the atomistic scale up. Nano Lett. 2011; 11:757-766. [PubMed:
21207932]

Wess TJ, Orgel JP. Changes in collagen structure: drying, dehydrothermal treatment and relation to
long term deterioration. Thermochimica Acta. 2000; 365:119-128.

Feng L, Chittenden M, Schirer J, Dickinson M, Jasiuk I. Mechanical properties of porcine femoral
cortical bone measured by nanoindentation. J Biomech. 2012; 45:1775-1782. [PubMed:
22648144]

Guidoni G, Swain M, Jager I. Nanoindentation of wet and dry compact bone: Influence of
environment and indenter tip geometry on the indentation modulus. Philosophical Magazine.
2010; 90:553-565.

Hengsberger S, Kulik A, Zysset P. Nanoindentation discriminates the elastic properties of
individual human bone lamellae under dry and physiological conditions. Bone. 2002; 30:178-184.
[PubMed: 11792582]

Rodriguez-Florez N, Oyen ML, Shefelbine SJ. Insight into differences in nanoindentation
properties of bone. J Mech Behav Biomed Mater. 2013; 18:90-99. [PubMed: 23262307]

Rho JY, Pharr GM. Effects of drying on the mechanical properties of bovine femur measured by
nanoindentation. J Mater Sci Mater Med. 1999; 10:485-488. [PubMed: 15348117]

Lee KL, Baldassarri M, Gupta N, Pinisetty D, Janal MN, Tovar N, Coelho PG. Nanomechanical
Characterization of Canine Femur Bone for Strain Rate Sensitivity in the Quasistatic Range under
Dry versus Wet Conditions. Int J Biomater. 2012; 2012:415230. [PubMed: 23365577]

Seto J, Gupta HS, Zaslansky P, Wagner HD, Fratzl P. Tough lessons from bone: Extreme
mechanical anisotropy at the mesoscale. Adv Funct Mater. 2008; 18:1905-1911.

Spiesz EM, Roschger P, Zysset PK. Elastic anisotropy of uniaxial mineralized collagen fibers
measured using two-directional indentation. Effects of hydration state and indentation depth. J
Mech Behav Biomed Mater. 2012; 12:20-28. [PubMed: 22664658]

Wolfram U, Wilke HJ, Zysset PK. Rehydration of vertebral trabecular bone: influences on its
anisotropy, its stiffness and the indentation work with a view to age, gender and vertebral level.
Bone. 2010; 46:348-354. [PubMed: 19818423]

Pathak S, Swadener JG, Kalidindi SR, Courtland HW, Jepsen KJ, Goldman HM. Measuring the
dynamic mechanical response of hydrated mouse bone by nanoindentation. J Mech Behav Biomed
Mater. 2011; 4:34-43. [PubMed: 21094478]

Nicolella DP, Ni Q, Chan KS. Non-destructive characterization of microdamage in cortical bone
using low field pulsed NMR. J Mech Behav Biomed Mater. 2011; 4:383-391. [PubMed:
21316626]

Evans FG, Lebow M. Regional differences in some of the physical properties of the human femur.
J Appl Physiol. 1951; 3:563-572. [PubMed: 14824039]

Yin L, Venkatesan S, Webb D, Kalyanasundaram S, Qin QH. 2D and 3D mapping of
microindentations in hydrated and dehydrated cortical bones using confocal laser scanning
microscopy. J Mater Sci. 2012; 47:4432-4438.

Dempster WT, Richard TL. Compact bone as a non-isotropic material. Am J Anat. 1952; 91:331—
362. [PubMed: 12996443]

Smith JW, Walmsley R. Factors affecting the elasticity of bone. J Anat. 1959; 93:503-523.
[PubMed: 13832048]

Nyman JS, Roy A, Shen X, Acuna RL, Tyler JH, Wang X. The influence of water removal on the
strength and toughness of cortical bone. J Biomech. 2006; 39:931-938. [PubMed: 16488231]
Broz JJ, Simske SJ, Greenberg AR, Luttges MW. Effects of rehydration state on the flexural
properties of whole mouse long bones. J Biomech Eng. 1993; 115:447-449. [PubMed: 8309241]
Nyman JS, Gorochow LE, Adam Horch R, Uppuganti S, Zein-Sabatto A, Manhard MK, Does MD.
Partial removal of pore and loosely bound water by low-energy drying decreases cortical bone
toughness in young and old donors. J Mech Behav Biomed Mater. 2013; 22:136-145. [PubMed:
23631897]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Page 17

Yan J, Daga A, Kumar R, Mecholsky JJ. Fracture toughness and work of fracture of hydrated,
dehydrated, and ashed bovine bone. J Biomech. 2008; 41:1929-1936. [PubMed: 18502430]

Melvin, JW.; Evans, FG. Crack propagation in bone. Biomechanics Symposium ASME; New
York. 1973. p. 87-88.

Kikugawa H, Yasui Y, Tomatsu T. Effect of strain rate on the fracture toughness of cortical bone. J
Soc Mat Sci Japan. 2000; 49:327-333.

Kahler B, Swain MV, Moule A. Fracture-toughening mechanisms responsible for differences in
work to fracture of hydrated and dehydrated dentine. J Biomech. 2003; 36:229-237. [PubMed:
12547360]

Wegst UG, Bai H, Saiz E, Tomsia AP, Ritchie RO. Bioinspired structural materials. Nat Mater.
2015; 14:23-36. [PubMed: 25344782]

Yamashita J, Li X, Furman BR, Rawls HR, Wang X, Agrawal CM. Collagen and bone
viscoelasticity: a dynamic mechanical analysis. J Biomed Mater Res. 2002; 63:31-36. [PubMed:
11787026]

Garner E, Lakes R, Lee T, Swan C, Brand R. Viscoelastic dissipation in compact bone:
implications for stress-induced fluid flow in bone. J Biomech Eng. 2000; 122:166-172. [PubMed:
10834157]

Sasaki N, Enyo A. Viscoelastic properties of bone as a function of water content. J Biomech. 1995;
28:809-815. [PubMed: 7657679]

Liebschner MA, Keller TS. Hydraulic strengthening affects the stiffness and strength of cortical
bone. Ann Biomed Eng. 2005; 33:26-38. [PubMed: 15709703]

Eberhardsteiner L, Hellmich C, Scheiner S. Layered water in crystal interfaces as source for bone
viscoelasticity: arguments from a multiscale approach. Comput Methods Biomech Biomed Engin.
2014; 17:48-63. [PubMed: 22563708]

Nalla RK, Kinney JH, Tomsia AP, Ritchie RO. Role of alcohol in the fracture resistance of teeth. J
Dent Res. 2006; 85:1022-1026. [PubMed: 17062743]

Maciel KT, Carvalho RM, Ringle RD, Preston CD, Russell CM, Pashley DH. The effects of
acetone, ethanol, HEMA, and air on the stiffness of human decalcified dentin matrix. J Dent Res.
1996; 75:1851-1858. [PubMed: 9003231]

Smith NW, Ekwaro-Osire S, Khandaker M, Hashemi J. Influence of Storage Duration on Retention
of Original Fracture Toughness. Exp Mech. 2010; 51:697-705.

Lucksanasombool P, Higgs WA, Higgs RJ, Swain MV. Fracture toughness of bovine bone:
influence of orientation and storage media. Biomaterials. 2001; 22:3127-3132. [PubMed:
11603584]

Nalla RK, Balooch M, Ager JW 3rd, Kruzic JJ, Kinney JH, Ritchie RO. Effects of polar solvents
on the fracture resistance of dentin: role of water hydration. Acta biomaterialia. 2005; 1:31-43.
[PubMed: 16701778]

Bembey AK, Oyen ML, Bushby AJ, Boyde A. Viscoelastic properties of bone as a function of
hydration state determined by nanoindentation. Philosophical Magazine. 2006; 86:5691-5703.
Bushby AJ, Ferguson VL, Boyde A. Nanoindentation of bone: comparison of specimens tested in
liquid and embedded in polymethylmethacrylate. J Mater Res. 2004; 19:249-259.

Dall'Ara E, Ohman C, Baleani M, Viceconti M. The effect of tissue condition and applied load on
Vickers hardness of human trabecular bone. J Biomech. 2007; 40:3267-3270. [PubMed:
17599339]

Pashley DH, Agee KA, Nakajima M, Tay FR, Carvalho RM, Terada RS, Harmon FJ, Lee WK,
Rueggeberg FA. Solvent-induced dimensional changes in EDTA-demineralized dentin matrix. J
Biomed Mater Res. 2001; 56:273-281. [PubMed: 11340599]

Streeter I, de Leeuw NH. A molecular dynamics study of the interprotein interactions in collagen
fibrils. Soft matter. 2011; 7:3373-3382. [PubMed: 23526918]

Pashley DH, Agee KA, Carvalho RM, Lee KW, Tay FR, Callison TE. Effects of water and water-
free polar solvents on the tensile properties of demineralized dentin. Dent Mater. 2003; 19:347-
352. [PubMed: 12742428]

Samuel J, Sinha D, Zhao JC, Wang X. Water residing in small ultrastructural spaces plays a critical
role in the mechanical behavior of bone. Bone. 2014; 59:199-206. [PubMed: 24291421]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Page 18

Unger S, Blauth M, Schmoelz W. Effects of three different preservation methods on the
mechanical properties of human and bovine cortical bone. Bone. 2010; 47:1048-1053. [PubMed:
20736094]

Borthakur A, Reddy R, Wehrli FW. NMR studies of exchangeable hydrogen in bone. Proc Int Soc
Magn Reson Med:1804. 1998

Fernandez-Seara MA, Wehrli SL, Takahashi M, Wehrli FW. Water content measured by proton-
deuteron exchange NMR predicts bone mineral density and mechanical properties. J Bone Miner
Res. 2004; 19:289-296. [PubMed: 14969399]

Fantazzini P, Brown RJ, Borgia GC. Bone tissue and porous media: common features and
differences studied by NMR relaxation. Magn Reson Imaging. 2003; 21:227-234. [PubMed:
12850712]

Wang XD, Ni QW. Determination of cortical bone porosity and pore size distribution using a low
field pulsed NMR approach. Journal of Orthopaedic Research. 2003; 21:312-319. [PubMed:
12568964]

Ni QW, King JD, Wang XD. The characterization of human compact bone structure changes by
low-field nuclear magnetic resonance. Meas Sci Technol. 2004; 15:58-66.

Ni QW, Nyman JS, Wang XD, De Los Santos A, Nicolella DP. Assessment of water distribution
changes in human cortical bone by nuclear magnetic resonance. Meas Sci Technol. 2007; 18:715—
72.

Nyman JS, Ni Q, Nicolella DP, Wang X. Measurements of mobile and bound water by nuclear
magnetic resonance correlate with mechanical properties of bone. Bone. 2008; 42:193-199.
[PubMed: 17964874]

Horch RA, Nyman JS, Gochberg DF, Dortch RD, Does MD. Characterization of 1H NMR signal
in human cortical bone for magnetic resonance imaging. Magn Reson Med. 2010; 64:680-687.
[PubMed: 20806375]

Fernandez-Sara MA, Wehrli SL, Wehrli FW. Diffusion of exchangeable water in cortical bone
studied by nuclear magnetic resonance. Biophys J. 2002; 82:522-529. [PubMed: 11751339]
Ong HH, Wright AC, Wehrli FW. Deuterium nuclear magnetic resonance unambiguously
quantifies pore and collagen-bound water in cortical bone. J Bone Miner Res. 2012; 27:2573—
2581. [PubMed: 22807107]

Gatehouse PD, Bydder GM. Magnetic resonance imaging of short T2 components in tissue. Clin
Radiol. 2003; 58:1-19. [PubMed: 12565203]

Reichert IL, Robson MD, Gatehouse PD, He T, Chappell KE, Holmes J, Girgis S, Bydder GM.
Magnetic resonance imaging of cortical bone with ultrashort TE pulse sequences. Magn Reson
Imaging. 2005; 23:611-618. [PubMed: 16051035]

Techawiboonwong A, Song HK, Leonard MB, Wehrli FW. Cortical bone water: in vivo
quantification with ultrashort echo-time MR imaging. Radiology. 2008; 248:824-833. [PubMed:
18632530]

Du J, Diaz E, Carl M, Bae W, Chung CB, Bydder GM. Ultrashort echo time imaging with
bicomponent analysis. Magn Reson Med. 2012; 67:645-649. [PubMed: 22034242]

Du J, Hamilton G, Takahashi A, Bydder M, Chung CB. Ultrashort echo time spectroscopic
imaging (UTESI) of cortical bone. Magn Reson Med. 2007; 58:1001-1009. [PubMed: 17969110]
Li C, Seifert AC, Rad HS, Bhagat YA, Rajapakse CS, Sun W, Lam SC, Wehrli FW. Cortical bone
water concentration: dependence of MR imaging measures on age and pore volume fraction.
Radiology. 2014; 272:796-806. [PubMed: 24814179]

Horch RA, Gochberg DF, Nyman JS, Does MD. Clinically compatible MRI strategies for
discriminating bound and pore water in cortical bone. Magn Reson Med. 2012; 68:1774-1784.
[PubMed: 22294340]

Manhard, MK.; Horch, RA.; Gochberg, DF.; Nyman, JS.; Does, MD. Reproducibility of In Vivo
Bound and Pore Water Imaging of Cortical Bone. ISMRM Annual Meeting; Milan, Italy. 2014.
Manhard MK, Horch RA, Harkins KD, Gochberg DF, Nyman JS, Does MD. Validation of
quantitative bound- and pore-water imaging in cortical bone. Magn Reson Med. 2014; 71:2166—
2171. [PubMed: 23878027]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Granke et al.

93.

94.

95.

96.

97.

98.

99.

Page 19

Burghardt AJ, Kazakia GJ, Ramachandran S, Link TM, Majumdar S. Age- and gender-related
differences in the geometric properties and biomechanical significance of intracortical porosity in
the distal radius and tibia. J Bone Miner Res. 2010; 25:983-993. [PubMed: 19888900]

Bousson V, Meunier A, Bergot C, Vicaut E, Rocha MA, Morais MH, Laval-Jeantet AM, Laredo
JD. Distribution of intracortical porosity in human midfemoral cortex by age and gender. J Bone
Miner Res. 2001; 16:1308-1317. [PubMed: 11450707]

Horch RA, Gochberg DF, Nyman JS, Does MD. Non-invasive predictors of human cortical bone
mechanical properties: T2-discriminated 1H NMR compared with high resolution X-ray. PLoS
One. 2011; 6:216359. [PubMed: 21283693]

Granke M, Makowski AJ, Uppuganti S, Does MD, Nyman JS. Identifying novel clinical surrogates
to assess human bone fracture toughness. J Bone Miner Res. 2015 in press.

Granke M, Grimal Q, Saied A, Nauleau P, Peyrin F, Laugier P. Change in porosity is the major
determinant of the variation of cortical bone elasticity at the millimeter scale in aged women.
Bone. 2011; 49:1020-1026. [PubMed: 21855669]

Bae WC, Chen PC, Chung CB, Masuda K, D'Lima D, Du J. Quantitative ultrashort echo time
(UTE) MRI of human cortical bone: correlation with porosity and biomechanical properties. J
Bone Miner Res. 2012; 27:848-857. [PubMed: 22190232]

Rai RK, Barbhuyan T, Singh C, Mittal M, Khan MP, Sinha N, Chattopadhyay N. Total water,
phosphorus relaxation and inter-atomic organic to inorganic interface are new determinants of
trabecular bone integrity. PLoS One. 2013; 8:e83478. [PubMed: 24386209]

100. Wehrli FW. Magnetic resonance of calcified tissues. J Magn Reson. 2013; 229:35-48. [PubMed:

101.

102.

103.

23414678]

Delmas PD, Genant HK, Crans GG, Stock JL, Wong M, Siris E, Adachi JD. Severity of prevalent
vertebral fractures and the risk of subsequent vertebral and nonvertebral fractures: results from
the MORE trial. Bone. 2003; 33:522-532. [PubMed: 14555255]

Brennan TC, Rizzoli R, Ammann P. Selective modification of bone quality by PTH, pamidronate,
or raloxifene. J Bone Miner Res. 2009; 24:800-808. [PubMed: 19063681]

Tasci A, Bilgili H, Altunay H, Gecit MR, Keskin D. Biomechanical and histological outcome of
combined raloxifene-estrogen therapy on skeletal and reproductive tissues. Eur J Pharmacol.
2010; 627:354-361. [PubMed: 19903467]

104. Allen MR, Iwata K, Sato M, Burr DB. Raloxifene enhances vertebral mechanical properties

independent of bone density. Bone. 2006; 39:1130-1135. [PubMed: 16814622]

105. Allen MR, Hogan HA, Hobbs WA, Koivuniemi AS, Koivuniemi MC, Burr DB. Raloxifene

enhances material-level mechanical properties of femoral cortical and trabecular bone.
Endocrinology. 2007; 148:3908-3913. [PubMed: 17478550]

106. Gallant MA, Brown DM, Hammond M, Wallace JM, Du J, Deymier-Black AC, Almer JD, Stock

SR, Allen MR, Burr DB. Bone cell-independent benefits of raloxifene on the skeleton: a novel
mechanism for improving bone material properties. Bone. 2014; 61:191-200. [PubMed:
24468719]

107. Anumula S, Wehrli SL, Magland J, Wright AC, Wehrli FW. Ultra-short echo-time MRI detects

changes in bone mineralization and water content in OV X rat bone in response to alendronate
treatment. Bone. 2010; 46:1391-1399. [PubMed: 20096815]

108. Bae WC, Patil S, Biswas R, Li S, Chang EY, Statum S, D'Lima DD, Chung CB, Du J. Magnetic

resonance imaging assessed cortical porosity is highly correlated with muCT porosity. Bone.
2014; 66:56—61. [PubMed: 24928498]

109. McCalden RW, McGeough JA, Barker MB, Court-Brown CM. Age-related changes in the tensile

properties of cortical bone. The relative importance of changes in porosity, mineralization, and
microstructure. J Bone Joint Surg Am. 1993; 75:1193-1205. [PubMed: 8354678]

110. Yeni YN, Brown CU, Wang Z, Norman TL. The influence of bone morphology on fracture

toughness of the human femur and tibia. Bone. 1997; 21:453-459. [PubMed: 9356740]

111. Currey JD, Brear K, Zioupos P. The effects of ageing and changes in mineral content in

degrading the toughness of human femora. J Biomech. 1996; 29:257-260. [PubMed: 8849821]

112. Keller TS, Mao Z, Spengler DM. Young's modulus, bending strength, and tissue physical

properties of human compact bone. J Orthop Res. 1990; 8:592-603. [PubMed: 2355299]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Granke et al.

113.

114.

115.

116.

117.

Page 20

McNerny EM, Gong B, Morris MD, Kohn DH. Bone Fracture Toughness and Strength Correlate
with Collagen Cross-Link Maturity in a Dose-Controlled Lathyrism Mouse Model. J Bone Miner
Res. 2014

Vashishth D, Gibson GJ, Khoury JI, Schaffler MB, Kimura J, Fyhrie DP. Influence of
nonenzymatic glycation on biomechanical properties of cortical bone. Bone. 2001; 28:195-201.
[PubMed: 11182378]

Tang SY, Zeenath U, Vashishth D. Effects of non-enzymatic glycation on cancellous bone
fragility. Bone. 2007; 40:1144-1151. [PubMed: 17257914]

Kopp J, Bonnet M, Renou JP. Effect of Collagen Crosslinking on Collagen-Water Interactions (a
Dsc Investigation). Matrix. 1990; 9:443-450. [PubMed: 2635757]

Miles CA, Avery NC, Rodin VV, Bailey AJ. The increase in denaturation temperature following
cross-linking of collagen is caused by dehydration of the fibres. J Mol Biol. 2005; 346:551-556.
[PubMed: 15670603]

Calcif Tissue Int. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Granke et al.

Organ

Microstructure and
sub-microstructure

Ultrastructure and
nanostructure

Page 21

Molecular structure

& & & &

m 10°m 10®m 10°m 10" m

B 2

10

B. Loosely bound water C. Tightly bound water

Chains of tropocollagen

A. Pore water

chain 1 cha‘in 2 cha‘in 3
. . " |
Mineralized fibrils @l N oH
~ 500 nm direct Lo o o
Haversian lacuno- hydrogen oH N ReH
canal canalicular bonding = e e
amellar fiber L T e I :
2l & il L e
interstitial 1 G0 O:(‘:NVHE‘?..«Z; ........... -C o
/' tissue ’: [ Qc:o 8“5 ii*?i%;o pog
i =08 = - " u
0 QH d ;g%%’* N lé#HH intrachain
. . 5 X0 & H, water
cross-link ?‘ mineral 0 ?rlm *%e OC o $°  pridge
ot crystals Chy ﬁ% - Q
] x20x50 nm C=0 & B S o:%
Voo v oa B ARl NNy triple helix of  interchain CH2 OH
| trabecular\{ Ay 2o e N\ WY o ) - tropo-collagen water  ¢© o<¢
v bone ate
g 300 x 1.5nm bridge
D. Structural water

oH
0
°p
eCa

o Apatic
A & Layer

collagen mineral
bound bound
water water

y ) /
i | : [
Volkmann's
canals ot P
» )
i 3,%
‘61

Fig. 1.

Schematic of the presence of water in bone at each hierarchical level of organization.
Cortical tissue has a network of pores comprising vascular porosity (Haversian and
Volkman's canals) and the lacuno-canalicular network. The bone matrix is arranged in arrays
of lamellar fibers that are made up of collagen fibrils mineralized by apatite crystals. In this
highly organized structure, water exists at different energy levels: free as liquid, loosely
bound, tightly bound, and part of the mineral lattice. (A) At the microscale, free (or pore)
water occupies the vascular-lacunar-canalicular space. (B) Loosely bound water is found at
the surface of the collagen fibrils and between the collagen and the mineral phase. (C) At the
molecular scale, tightly bound water refers to water molecules trapped inside the collagen
triple helix. Examples of water bridges within a chain or between the chains of a
tropocollagen molecule are illustrated on a small sequence of collagen (GLY-PRO-HYP)
where hydrogen bonds are represented with dotted lines, and plus and minus signs indicate
the polarity of the bonded atoms (adapted from Bella et al. [17] and Brodsky et al. [16]). (D)
Structural water refers to the water molecules found within the core of the apatite structure
(reprinted with the permission of PNAS from Davies et al. [28]).
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Fig. 2.
T, relaxation spectra were generated for a human (solid line) and a rat (dotted line) cortical

bone specimens by fitting 10,000 Carr-Purcell-Meiboom-Gill echoes collected at 100 ps
echo spacing to a sum of 128 decaying exponential functions. The area under each peak or
peaks in the case of the pore water pool is normalized to the area under the reference peak
(microsphere with a known proton content placed next to the bone specimen during the
measurement) to convert signals in arbitrary units into water volume (or mol of water).
Bound and pore water can further be expressed as proton concentration in the bulk bone
specimen (mol TH/Lpgne) or volume fraction of the apparent volume of the specimen
(original data).
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Fig. 3.
Pore and bound water maps are overlaid conventional UTE images in three cardinal planes,

acquired from a human tibia in vivo using a clinical MRI (3T) scanner. Details of imaging
acquisition and processing are similar to those in Manhard et al. [92]. The circular markers
outside the limb are CuSO4 doped, 10% H,0/ 90% D-,O that are used to convert proton
signal into absolute units of proton density, while the larger phantoms are used to aid in B4-

mapping.
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Fig. 4.

(A?) Bound water per apparent bone volume significantly decreased with age in a set of
cortical bone specimens (femur mid-shaft) from young (n=18, 21 — 50 years old) and old
(n=41, 70-105 years old) donors. (B) Pore water per apparent bone volume slightly
increased with age. The same trend was observed for porosity as measured by uCT (voxel
size of 5 um) (original data).
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Bound water volume fraction (%)

Fig. 5.
St?ength of cortical bone, assessed as peak stress endured by a notched beam specimen

subjected to three-point bending, (A) increased with an increase in bound water per apparent
bone volume and (B) decreased with an increase in pore water apparent bone volume (n=62,
human femoral samples). Correlation coefficient (p) was determined using Spearman’s rank
correlation (original data).
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Fig. 6.

Bc?und water and pore water, each normalized to apparent bone volume, are not simply
surrogates of one another (n=62, human femoral samples) as pore water weakly correlates
with bound water with considerably scatter between the two water compartments. There are
other factors besides matrix density that influence the amount of bound water in bone.
Correlation coefficient (p) was determined using Spearman’s rank correlation (original
data).
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Fig. 7.

Ingrodents, bound water decreases as mineralization increases throughout life. Illustration in
(A) mice and (B) rats. Bound water can be expressed as the volume fraction of the bone
tissue volume (%) or as the concentration of protons (mol/L) in the bone tissue volume in
which the latter was determined by UCT (voxel size of 6 pm). Correlation coefficient (p) was
determined using Spearman’s rank correlation (original data).
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