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Abstract
Since clinical measures of bone mineral density do not necessarily predict whether a person will
fracture a bone without an intervention, there is a need to find supplementary tools for assessing bone
quality. Presently, we hypothesized that measures of mobile and bound water by a Nuclear Magnetic
Resonance (NMR) technique are correlated with bone strength and toughness, respectively. To test
this, bending specimens from the mid-diaphysis of 18 human femurs were collected from 18 male
donors and divided into middle aged and elderly groups. After NMR measurements of each hydrated
specimen, an inversion technique was used to convert the free induction decay data into a distribution
of spin-spin (T2) relaxation rates. Then, the distribution resolved into three distinct components that
likely represent solid hydrogen, water bound to bone tissue, and mobile water that occupy
microscopic pores within the bone specimen. The integrated signal intensities of the bound and
mobile components were normalized by the wet mass of the specimen. Following NMR
measurements, three point bending tests were conducted to determine the modulus of elasticity,
flexure strength, and work to fracture of each specimen. Next, the porosity, mineral-to-collagen ratio,
and pentosidine concentration were measured. In this sample of human cortical bone, there was no
age-related difference in the amount of mobile water, but the decrease in the amount of bound water
with increasing age was statistically significant. Moreover, bound water was associated with both
strength and work to fracture of bone, while mobile water was correlated with modulus of elasticity
and appeared to quantify the level of microscopic pores within bone. On the other hand, bound water
was correlated with the concentration of non-enzymatic collagen crosslinks. The results of this study
indicate that quantifying mobile and bound water with magnetic resonance techniques could
potentially serve as indicators of bone quality.
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INTRODUCTION
Traditionally, age-related loss of bone mineral density (BMD) has been viewed as the reason
for the rising incidence of bone fractures in the elderly. However, quantifying low BMD by
dual-energy X-ray absorptiometry alone is not sufficient to predict the risk of osteoporotic
fractures [1]. Because of this, the concept of bone quality has emerged recognizing that fatigue
microdamage, collagen integrity (crosslinking and content), and other inherent characteristics
of bone tissue (besides BMD) are also important determinants of bone fracture susceptibility
[2,3]. Moreover, it provides insight into why the probability of fracture increases with age, but
not necessarily related to the age-related decrease in BMD [4,5]. In this study, use of Nuclear
Magnetic Resonance (NMR) was explored to characterize the quality of human cortical bone
tissue from two age groups.

The amount of water within bone tissue affects its material properties. A number of early studies
demonstrated that dehydration decreases the strain at fracture and energy to fracture of cortical
bone [6–11], and a recent study found that the contribution of water to bone toughness exists
at multiple energy levels [12]. It has been shown that elevated drying of bone (70 °C) can cause
significantly greater loss of bone toughness than moderate drying (room temperature),
indicating that each of the hierarchical arrangements of water molecules bound to the collagen
and mineral phases would likely influence the ability of bone to resist fracture. While we know
that aging affects the energy to fracture of bone (or bone toughness) [13–16], whether aging
affects these bound water interactions with bone tissue is unknown.

Recently, we developed a technique using NMR to non-destructively estimate the distribution
of water in bone tissue [17]. When hydrogen nuclei absorb energy from a radio frequency (RF)
pulse, their relaxation rate within a magnetic field depends on the surrounding diffusion
characteristics and the energy of their chemical bonds with other elements. Thus, the spin
direction of hydrogen atoms within bone precesses back to equilibrium at a rate that is dictated
by the exponential exchange of energy to the surroundings. Covalently bonded hydrogen
atoms, such as those comprising the amino acids of collagen or the hydroxyl group of mineral,
relax much faster than those exhibiting van der Waals interactions between water molecules
(mobile water). Exhibiting intermediate relaxation rates are those protons in the water
molecules bonded to collagen and mineral (bound water).

Mobile water (also known as free water) exists in microscopic pores such as Haversian canals,
canaliculi, and lacunae [18,19]. Bound water exists in the extracellular matrix (ECM) of bone
tissue since the residues of the collagen molecule form orderly ‘water bridges’ [20] and since
surface charges (Ca2+ and PO4−) of bone mineral produces a hydration shell [21]. A
quantification of mobile water by NMR would likely characterize the level of porosity within
bone, while a quantification of bound water would characterize the degree of functionally
hydrated bone tissue. Since porosity and strength of cortical bone increase and decrease,
respectively, with age [14], we hypothesize that the NMR measure of mobile water increases
with age and is inversely related to bone strength.

The age-related changes in the ECM that affect bound water are currently not clear. The early
work of Robinson [18,22,23] indicates that water is displaced as osteoid mineralizes. This water
is likely bound because the equatorial spacing of the collagen molecules is less in
undemineralized bone than in demineralized bone [24,25] as well as being less in dry bone
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than in wet bone [26]. Aging increases the fraction of hypermineralized bone [27,28] and thus
increases the fraction of partially dehydrated collagen within bone tissue. Skeletal maturation
also appears to decrease water content as mineralization proceeds, as observed in growing dogs
(8–44 weeks) [29]. Less clear is whether age-related increases in the concentrations of collagen
crosslinks could alter the functional hydration of collagen. In intramuscular connective tissue,
an inverse relationship was found between the level of crosslinking and the level of water
binding collagen [30]. Since bone toughness decreases with age [14,15,31–33], we hypothesize
that the NMR measure of bound water decreases with age and is directly related to the work-
to-fracture of cortical bone.

To begin addressing the potential of NMR, and magnetic resonance in general, to quantify
bone quality, we examined cortical bone specimens from middle aged and elderly male donors.
These specimens were analyzed first by a NMR relaxation technique (Fig.1) [17] and then by
three point bending so that correlations between NMR and mechanical properties could be
tested for significance. Lastly, we measured selected compositional measures of bone as well
as porosity to provide insight into the aging effects on mobile and bound water.

MATERIALS AND METHODS
Specimen preparation

We collected 18 individual cadaveric femurs from two sources (National Disease Research
Interchange, Philadelphia, PA and Willed Body Program, The University of Texas
Southwestern Medical Center at Dallas, TX). The 18 male donors had no known bone disease.
Based on donor age, the femurs were divided into two groups: middle aged included 8 ages of
47, 49, 49, 51, 55, 57, 59, and 59 years, while the elderly included 10 ages of 67, 69, 76, 76,
77, 77, 79, 79, 81, and 87 years. Cut from the medial quadrant of each mid-diaphysis, a
longitudinal strip of bone was machined, while maintaining hydration, into a standard
paralellelepiped specimen such that the osteons ran in the direction of the long axis. The
nominal dimensions were 40.0 mm in length, 4.27 mm in width, and 2.07 mm in height (h).
All specimens were wrapped in gauze, soaked in phosphate buffered saline, and stored at −20
°C until time of analysis.

NMR Analysis
In this study, we derived the NMR inversion T2 spectrum (Fig. 1B) from NMR free induction
decay (FID) measurements (Fig. 1A) of each specimen. As previously described [17], this
NMR technique quantifies the proton solid, bound and mobile components in bone when a
broadline NMR system is set at a proton frequency of 27 MHz. Specifically, we used a 0.5
MHz to 40 MHz system built at Southwest Research Institute (San Antonio, TX) that has an
electromagnet 19 inches in diameter with a 4 inch gap between the poles of the magnetic field.
Each bone specimen was sealed in glass tube, and while within the magnetic field, 9.5 µs long
RF-pulses caused 90° flips in the spin direction of the protons in bone. As the protons relaxed,
the free induction decay (FID) data were recorded by the NMR receiver coil at 2 µs intervals,
collecting 1500 data points over an approximate 3 millisecond window (Fig. 1A). Applying a
mathematical, inversion relaxation technique to the FID data [34], we acquired for each
specimen a T2 relaxation spectrum with 3 different components: fast decay indicating solid
protons, intermediate decay indicating bound water, and slow decay indicating mobile water
(Fig. 1B). To account for size variance among the specimens, the integrated intensity of each
peak was normalized by wet bone mass and multiplied by 1000 (units of integrated signal
intensity per 1000 per mg).
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Mechanical Testing
After NMR analysis, each specimen was subjected to three point bending by a material testing
system (EnduraTEC ELF 3300, Bose Corporation, Minnetonka, MN), which recorded the
force-displacement data at 20 Hz. The span (L) was 20 mm; the load rate was 5mm/min, and
hydration was maintained by dripping distilled water on the specimen during the test. All tests
were performed at room temperature. Applying the flexure formula to the maximum force and
applying the deflection equation to the slope of the linear section of the force-displacement
curve provided the strength (σb) and modulus of elasticity (E), respectively (Fig. 2) [12]. Work-
to-fracture (the area under the force-displacement curve) was normalized by the moment of
inertia to account for slight differences in specimen dimensions. This normalization was an
estimate of toughness.

Compositional Analysis
After mechanical testing, a small piece of bone was cut from a non-loaded end of the specimen
(e.g. outside the loading pins), and the concentration of pentosidine (PE, a marker of non-
enzymatic crosslinks) was quantified for half of it following the protocol of Bank et al. [35]
for high performance liquid chromatography. The concentration was measured in moles of PE
per moles of collagen in which collagen was measured on the other half by a colorimetric assay
of hydroxyproline (described in a previous study [36]). From sequential mass measurements
of dry and ashed bone, we quantified the mineral-to-collagen ratio (Min/Org) using a small
piece of specimen from the other non-loaded region of each specimen. Lastly, a portion of each
broken specimen was embedded in cold mounting epoxy (EPOFIX, Struers, Denmark), and
the fracture surface ground with successive grits of silicon carbide paper and then polished
with 0.05 micron alumina slurry. As previously described in detail [12,33], porosity (Po) was
quantified from binary representations of digital images taken of the polished cross section.

Statistical analysis
A one factor ANOVA (StatView 5.0.1, Cary, NC) tested whether age affected the selected
properties of bone. Correlation coefficients were generated for all property comparisons, but
the values were only reported for those having statistical significance at a 90% or 95%
confidence level. Lastly, a stepwise regression was performed to determine if the water content
of bone explains the sum of mobile and bound water (i.e., NMR measure of Total water). Water
content was the percent loss of mass due to drying at 100 °C for several days (equilibrium
mass).

RESULTS
There was an age-related decrease in the NMR-derived bound water, but no change in the
NMR-derived mobile water for the bone specimens tested in this study (Fig. 3). Of the
mechanical properties, only toughness differed between middle aged and elderly bone with
statistical significance, although there was a trend of decreasing flexure strength with
increasing age (Table 1). Age also affected the concentration of pentosidine (PE) in the medial
quadrant of the mid-diaphyseal femur (Table 1). In this sample of 18 femurs, intracortical
porosity (Po) and the mineral-to-collagen ratio (Min/Org) did not increase with age (Table 1).

At a confidence level of 95%, several statistically significant associations existed between the
mechanical properties and the NMR measures. Bound water was directly related to bone
strength and toughness, while mobile water was inversely related to modulus of elasticity
(Table 2). The porosity and mineral-to-collagen ratio did not change with age in this study,
and so they were found to have little association with any of the mechanical properties (Table
2). PE was, however, inversely related to bone toughness (Table 2).
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Mobile and bound water were directly and inversely related to porosity, respectively (Table
2). While Min/Org was not associated with porosity, it was inversely related to mobile water
(Table 2). Bound water was inversely related to PE at the lower confidence level of 90%. In
the stepwise regression analysis, water content as determined experimentally was found to best
explain the variance in the NMR-derived total water when only the coefficient of the slope was
included in the model (Fig. 3).

DISCUSSION
To the best of our knowledge, this is the first study to investigate the effects of aging on the
water distribution within bone and to examine correlations between NMR derived measures
of water and mechanical properties that characterize bone quality. Mobile water was not
affected by age, but neither was intracortical porosity as determined by histomorphometry.
Bound water did decrease with age, as hypothesized, but it was not associated with mineral-
to-collagen ratio. Encouragingly, we observed direct relationships between bound water and
two mechanical properties, namely flexure strength and work-to-fracture or toughness of
cortical bone. Moreover, mobile water was associated with modulus of elasticity and, to a lesser
extent, bending strength. Thus, NMR is a promising tool for characterizing bone quality,
although more work is necessary to identify the exact nature of mobile and bound water as
well to determine what age-related changes in bone tissue cause changes in bound water.

While not expected, our observation that porosity did not increase with age is consistent with
studies of porosity throughout the entire cross-section of the femur at the level of the mid-
diaphysis. In these studies, hundreds of cadaveric femurs were digitally examined for both
female and male donors [37–39]. They revealed that 1) the rate increase in intracortical porosity
with age is more gradual in males than in females [37], 2) age accounted for roughly 13.5% of
the variance in porosity among males [38], and 3) the medial quadrant has the lowest porosity
compared to the anterior and posterior quadrants [39]. Thus, to detect an age effect on Po, we
would have needed to examine bone tissue from younger donors and perhaps examined several
anatomical quadrants. Despite this limitation in the study, we do still find that Po and mobile
water are directly correlated.

While mobile water is likely a measure of porosity in bone [40], bound water as presently
quantified by NMR does not clearly relate to a specific property of bone because only a few
compositional parameter were presently examined, with PE being weakly correlated (Table
2). The bulk measure of mineral-to-collagen was originally thought to influence bound water
since mineral displaces water from collagen and collagen provides a number of sites for water
to bind. The lack of correlation may reflect the likelihood that bulk measures do not adequately
characterize the bone tissue at the proper hierarchical level. For example, increasing
mineralization displaces water from collagen, but the mineral crystals are also sites for which
water to bind. Moreover, bulk Min/Org does not necessarily affect the functional hydration of
collagen in that it reflects both the amount of mineral within collagen fibrils (functional
hydration) which displaces water from collagen and the compartment of the mineral existing
between collagen fibrils which presumably does not affect collagen hydration.

Most likely, candidate properties affecting bound water content include those that affect
hydration sites within the ECM of bone, and thus they could be characterized as properties of
the bone ultrastructure. The three primary determinants of hydration sites (and therefore bound
water) are likely to be 1) the quantity of collagen occupying a given volume (i.e., collagen
density), 2) the quantity of crystals displacing water from the collagen, and 3) the available
surface area of individual crystals to create water bridges (with other crystals or collagen).
Conceivably, the packing of collagen molecules via intra- and inter-molecular crosslinks
dictates collagen density and thus hydration sites. In other words, a highly crosslinked fiber
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could potentially hold less water than a poorly crosslinked fibers. This concept is currently
unconfirmed. Nonetheless, with aging, there are increases in the concentration of non-
enzymatic collagen crosslinks in bone [15] (Table 1), and perhaps this additional crosslinking
decreases bound water with age and explains the correlation between bound water and PE
(Table 2). With regards to the mineral phase, crystals occupy space within collagen fibrils as
well as between fibrils [41] and thus mineral accumulation within the collagen fibrils would
be expected to directly affect collagen hydration. In other words, with an increase in the number
of crystals occupying the regular gaps that occur in the arrangement of collagen into a fibril,
there could be a decrease in the level of collagen hydration, which is presumably important to
bone toughness. In addition, the surfaces of crystals present sites for water molecules to interact,
and so crystal size and crystallinity could conceivably affect the level of bound water as well.
The question of how age affects bound water requires measurement techniques that quantify
such ultrastructural properties as multiple collagen crosslink concentrations (both enzymatic
and non-enzymatic), ratio of immature-to-mature crosslinks, spacing of collagen molecules or
collagen density, crystal size, carbonate substitutions, and crystallinity.

Besides the lack of ultrastructural properties, this study has other limitations that are related to
the NMR technique. Firstly, the signal intensity of each water component was normalized by
the wet mass of the specimen. With precise measurements of bone tissue volume for each
specimen, there would likely not be a correlation between Po and bound water. In other words,
the tissue volume of the specimen would include mainly the collagen and mineral phases (not
pores) and so the amount of bound water would be independent of specimen size. Another
limitation is that the NMR-derived measure of bound water does not distinguish among the
various energy levels at which water interacts with the ECM. Thus, the study does not reveal
any mechanistic information on how aging affects bone quality. Nonetheless, an age-related
change in the degree of hydrogen-bonding between water and collagen likely affects the
mechanical properties of bone. As previously described, decreases in hydrogen-bonding
(through moderate drying) causes bone to behave in a brittle fashion. Moreover, an age-related
increase in the amide I band, as determined from deep-ultraviolet Raman spectra, was found
to correlate with a decrease in fracture toughness of human cortical bone (i.e., increasing
brittleness) [42]. This amide I chemical species is a product of the organic phase of bone, and
its band is influenced by collagen crosslinking [43]. Interestingly, dehydration of dentin
(elephant tusk) by polar solvents, which reduce hydrogen bonding between water and collagen,
was also found to increase the amide I band [44].

Presently, the NMR technique does distinguish between three distinct T2 relaxation rates of
protons. Nonetheless, each distribution of T2 does not necessarily produce a symmetric band
(Fig 1A), and so multiple proton environments contribute to each relaxation profile. The so-
called solid hydrogen band reflects protons of the collagen peptide and protons of the
hydroxyapatite-related mineral, each with slightly different relaxation rates. Bound water band
likely represents the so-called structural water layer bridging mineral and collagen that was
reported to exist by Wilson et al. [45] who applied a cross-polarization NMR technique to
cortical bone and synthetic apatite. Still, it also likely represents the number of water bridges
(via hydrogen bonding) that exist between and within triple helical peptides of collagen [20,
46,47]. Lastly, the mobile water band reflects differences in relaxation rates that are due to the
variety of pores sizes in bone (canaliculi, lacunae, Haversian’s canals, Volkmann’s canals,
resorption holes).

While both NMR and magnetic resonance imaging (MRI) have been used to characterize bone
in a number of studies [40,45,48–56], the present work is the first to quantify water distribution
in bone for two age groups. A previous study had actually characterized water distribution in
dentin samples from a 20 year, 35 year, and 50 year old donor [50]. Applying a NMR spin-
grouping technique to both hydrated and dehydrated specimens, Schreinder et al. [50] reported

Nyman et al. Page 6

Bone. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that 30% of the water was strongly bound to the apatite matrix (i.e., present in the dehydrated
state), 52% of the water was hydrating the surfaces of the mineral crystals and the collagen
protein, and the remaining percentage was mobile water occupying the dentinal tubules. In
addition, the use of magnetic resonance to characterize mechanical properties is not entirely
new. One previous study investigated connections between architectural indices of trabecular
bone (as determined by MRI) and bone strength [54], while another related water content (as
determined by NMR-derived diffusion characteristics of exchangeable water) to bone density
and strength in an animal model of hypomineralization [49]. MRI studies of bone have been
focused on assessing the structure or architecture of trabecular and cortical bone (see review
by Wehrli for details [57]), but recently, water volume fraction in the mid-shaft of human tibiae
was quantified by analyzing T2 protons with a 3 Tesla, clinical MRI scanner [58]. The effect
of aging or water distribution however was not a focus in either of these studies, as it was here.

The findings of the present work suggest that the techniques in magnetic resonance related to
relaxation rates are a potential tool for assessing bone quality beyond architectural
characteristics in a non-destructive fashion. Currently, NMR has distinguished mobile water
from bound water in such a way that each phase was associated with at least one mechanical
property of cortical bone. Mobile water likely represents porosity, while bound water likely
represents a combination of ultrastructural properties of bone tissue.
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Figure 1.
An example of Free Induction Decay (FID) signals are given for two specimens, one from each
age group (A). Each signal generated a distribution of relaxation times in which the normalized
signal intensity separated into three components (B).
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Figure 2.
The mechanical properties of bone - modulus of elasticity (E), bending strength (σb), and work-
to-fracture (Wf) or toughness - were determined from the resulting force-deflection curve and
equations from beam theory. L is the span of the three point bending apparatus, h is the height
of the bone specimen, and I is the moment of inertia, which for a parallelepiped is
width*height3/12.

Nyman et al. Page 11

Bone. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
With a unit of integrated signal intensity per 1000 per mg, the NMR derived measure of mobile
water (A) did not differ between the age groups. However, there was a statistically significant
difference in bound water (B) between middle aged and elderly bone.
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Figure 4.
Water content, as measured by mass loss due to drying, best explained the variance in total
water, as measured by NMR, when there was no y-intercept in the linear regression model.
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Table 1
Mean ± standard deviation are given for selected properties of middle aged and elderly cortical bone with
significance indicated at p < 0.05 (ANOVA). Otherwise, difference is not significant (NS)

Property Middle Old p-value

E (GPa) 13.7 ± 0.8 13.8 ± 1.5 NS
σb (MPa) 201 ± 8 192 ± 16 NS
Toughness (N/mm3) 25.9 ± 5.8 20.2 ± 4.7 0.0341

Po (%) 6.0 ± 1.7 6.6 ± 1.4 NS
Min/Org 2.12 ± 0.09 2.13 ± 0.09 NS
PE (mmol/mol) 0.331 ± 0.111 0.794 ± 0.283 0.0005
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