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ABSTRACT The rate-limiting step in the delivery of nutrients to osteocytes and the removal of cellular waste products is
likely diffusion. The transport of osteoid water across the mineralized matrix of bone was studied by proton nuclear magnetic
resonance spectroscopy and imaging by measuring the diffusion fluxes of tissue water in cortical bone specimens from the
midshaft of rabbit tibiae immersed in deuterium oxide. From the diffusion coefficient (D, = (7.8 + 1.5) X 107 cm?/s)
measured at 40°C (close to physiological temperature), it can be inferred that diffusive transport of small molecules from the
bone vascular system to the osteocytes occurs within minutes. The activation energy for water diffusion, calculated from D,
measured at four different temperatures, suggests that the interactions between water molecules and matrix pores present
significant energy barriers to diffusion. The spatially resolved profile of D, perpendicular to the cortical surface of the tibia,
obtained using a finite difference model, indicates that diffusion rates are higher close to the endosteal and periosteal
surfaces, decreasing toward the center of the cortex. Finally, the data reveal a water component (~30%) diffusing four orders
of magnitude more slowly, which is ascribed to water tightly bound to the organic matrix and mineral phase.

INTRODUCTION

Mineralized bone tissue contains a significant water fracwaste products, and signaling molecules from the vascular
tion, which for cancellous bone can amount up to 20% of itssystem to the osteocytes and vice versa. The water channels
wet weight (Mueller et al., 1966). Skeletally mature cortical are also the transport pathways for calcium and phosphate
bone, however is a denser material in which the fraction ofons flowing in and out of bone tissue, which acts as a
water is reduced te-10% (Robinson and Elliot, 1957). The mineral reservoir for the rest of the organism.
fractional water content in bone remains similar across In recent years, significant efforts have been expended to
species for the same type of bone, however within a singlelucidate the nature of the fluid transport mechanisms
species it varies with age, sex, and disease state (Timminfrough the bone matrix and to determine the extent of
and Wall, 1977). Variations in the amount of water arediffusive transport as the rate-limiting step in the supply of
related to changes in the degree of mineralization of theutrients to the osteocytes (Tate and Knothe, 2000; Tate et
calcified bone matrix. During mineralization of the osteoid, al., 1998; Dillaman et al., 1991). Up to date, most reported
water is gradually replaced by calcium apatatite, which fillswork has been limited to qualitative descriptions of trans-
the volume previously occupied by water, because the osyort pathways, obtained empirically by means of molecular
teoid volume does not change during calcification (Robin-tracers (Tate et al., 1998; Ayasaka et al., 1992; Sasaki et al.,
son and Elliot, 1957; Neuman and Neuman, 1958). Thus, in985). Quantitative information thus is scarce (Neuman and
some pathological conditions, such as in osteomalacia, aReuman, 1981; Edelman et al., 1954). Diffusion measure-
abnormal decrease in mineral content occurs concurrentlyhents in bone are complicated by the heterogeneity of the
with an increase in water content (Mueller et al., 1966). tissue microstructure. Nonetheless, quantitative diffusion
Water in bone may be found associated with the minerajjata can provide estimates of transport times and fluxes of
phase, bound to the organic phase (collagen and cemepiatter through the tissue, as well as information on matrix
substance), or free (bulk water). Bulk water fills the pores Ofporosity and insight on the function and location of the
the calcified matrix, which form a network of interconnect- \yater contained in the matrix pores.
ing channels (the lacunocanalicular system), which commu- The purpose of this study was to investigate the dynamics
nicate the Haversian canals (the bone vascular system) Wity the osteoid water exchange and to measure the apparent
the osteocytes, embedded in the mineralized matrix. Thigjtrysion coefficient of water in cortical bone specimens
communication network serves for transport of nutrientS¢om the shaft of rabbit tibiae by means of proton nuclear
magnetic resonance (NMR) spectroscopy and imaging. The
experimental method was based on monitoring the time
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TABLE 1 Average dimensions and weight of the cortical specimen thickness, arids the exchange time. For small valuestoEq.
bone specimens analyzed 1 can be approximated by:
Length Width Thickness Weight A

- 4 [ Dy

Specimen (mm) (mm) (mm) (mg) I(t) — |(oo) —a (2)
2\ ?

1 9.1 4 0.8 47.6 ™
g gg g 8 gE; gg% The water peak integral (for small values of time), plotted versus the
4 8.1 3' 0'75 34'5 square root of exchange time was fitted to a straight line and the slope of

the regression line used to compuie. I(») was estimated from the
average of the last six experimental data points after subtracting the
integral corresponding to the initial amount of water in the deuterium oxide
(due to incomplete deuteration).

terns were then used to compute a spatially resolved diffu
sion coefficient profile by means of a finite difference

L e . Measurement of water content

approximation of the diffusion equation.

The amount of exchangeable water was measured Ugm@s input in a
calibration curve, which was obtained with five solutions of water in 0.6 ml
D,O with water content ranging from 1 to 14, covering the range of

MATERIALS AND METHODS - ; : >
water concentration expected in the cortical bone specimens. Proton spec-

Four cortical bone specimens were harvested from sections of the diaphysig were acquired with the same acquisition parameters used for the

of two excised tibiae from 5- to 6-month-old New Zealand White rabbits €xchange experiments. The experimental data points were least-square fit
(skeletally mature) after removal of the marrow (by immersing the diaph-to a straight line.

ysis sections in 2.6% sodium hypochlorite in an ultrasonic bath for 30 min  The amount of water of the bone specimens was measured using a
and rinsing with a water jet). The specimens were cut into a rectangulagravimetric method. The specimens were dried in an oven at 100°C for

plate-like shape with the longest dimension (length) parallel to the tibial48 h, weighed after drying (dry weight) and the water content calculated as

axis, the second dimension (width) along the surface of the tibia, while théhe difference between wet and dry weights.

third dimension matched the thickness of the tibial cortex. The dimensions

of the specimens were measured using a digital caliper (Table 1). The

specimens were allowed to attain air-stable weight, which is defined a&Energy of activation

“wet weight.” e . .
9 The temperature dependence of water diffusion in the cortical bone matrix

was studied in two of the samples (1 and 3) by measuring the diffusion
coefficient at four different temperatures: 25, 40, 55, and 70°C. The
diffusion coefficient increases with temperature asymptotically (Stein,

e ) . 1962):
The diffusion of exchangeable water through the cortical bone matrix was 962)

observed using proton NMR spectroscopy. The plate-like samples were Ea

placed in a 5-mm NMR tube containing 0.6 ml of deuterium oxideQP D4(T) = Dye™ RT 3
99.9% isotopic purity, Sigma Chemical Co., St. Louis, MO). The proton- ) ) ) ) o
deuterium exchange kinetics at 25°C was followed by proton NMR of thein Which Do is a constant independent of temperatiiigis the activation
solution, over a periodfoé h (during which an equilibrium state was ©Nergy for diffusion, andR is Boltzman’s. copstant. Arrhenius plots were
reached). Spectra were acquired on a vertical-bore superconducting spdf€n constructed, and the energy of activation computed from the slope of
trometer system, operating at 9.4T (DMX-400, Bruker Instruments,the regression line obtained by fitting the experimental data points.
Karlsruhe, Germany). A capillary containing chloroform (Ck)@las used

as internal reference, to monitor the stability of the spectrometer. Spectra, | ) ) . ) .

were collected by pulsing continuously with a 20° flip angle radio-fre- Projection imaging of water diffusion

quency (RF) pulse and 16,384 data points were sampled in 3.4 s, O the experiments described above, diffusion of water across the bone

sponding to a sp'ectraI'W|dth of 2'4.2 kHz. Four sgpgl ayerages TG hatrix was observed indirectly by measuring the net flux gddrom bone
collected per free induction decay during a total acquisition time of 13.6 s

The t | uti diusted 1o the rate of ch f the si into the D,O solution. It is possible, however, to directly detect the
€ femporal resolution was adjusted fo the rate of change of the SIaNgle a6 in concentration of the matrixQHas it is replaced by (uneb
found in preliminary experiments (first hour, 2 min; second hour, 5 min;

servable) DO, using proton NMR imaging techniques. The relaxation
remainder of experiment, 10 min). ) B gp ging q

- . . Iproperties of the NMR signal of bone water protons allow the acquisition
The water peak spectral integral is proportional to the amount of wate

havina diffused from the bone into th lution. B th ical b nof one-dimensional projection images of bone water with sufficient tem-
aving difused fro € bone Into the solution. Because the cortical bo %oral resolution to monitor the Jd/D,O exchange process.

samples were shgped as th!n pl.ates (Table 1), _the proton-deuterium ex- One-dimensional projections were obtained by sampling the NMR-free
change was d_on_unated_by diffusion along the thlckness.of the sample_. I|fnduction decay signal in the presence of a magnetic field grad@&nt
the bone .m.atrlx'ls considered as an homogenequs medium aﬁd the d',ﬁlé'pplied along the thickness of the specimen. The bone specimen was kept
sion coefficient is taken to be constant, there exists an analytical solutlori]n a predetermined position in the 5-mm tube by using a support specially
(Crank, 1957): designed for the experiment. The pulse sequence was programmed using
Paravision 2.1 (Bruker Instruments, Karlsruhe, Germany) and the data
acquired with the spectrometer previously described.

The free-induction signal decays very rapidly due to the short transverse

relaxation time of bone water proton3,(= 250 us (Borthakur et al.,

Diffusion of exchangeable water at 25°C

Da(2n+1)272t

8 Z 1
- @ ] (1)

I(t) = |(°°)|:1 = nzOWei

in which I(«) is the integrated signal intensity at equilibriul,, is the
apparent diffusion coefficient of water through the bone mattiis the

1998)), therefore the receiver dead time must be minimized to reduce
signal loss. This was achieved by means of a short rectangular RF pulse
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used to excite the spinsin the presence of the gradient, which was switched
on immediately before the pulse was applied. In this manner the delay
between the end of the pulse and the start of data acquisition was reduced
to 6 us.

The imaging parameters were as follows: pulse length, 6 us (60° flip
angle); number of complex points, 256; spectral width, 250 kHz; 64
averages. A gradient of 90 G/cm was used to provide a nominal spatial
resolution of 25 wm, which was adequate to resolve the water profile. A
repetition time of 120 ms was used to saturate the signal from the water
protons in the deuterium oxide solution, which have a longitudinal relax-
ation time T, on the order of 10 s, whereas maximizing the signal from the
bone water protons, of shorter T, (T, ~ 300 ms, (Borthakur et al., 1998)).
The total scan time was 8 s, thus providing sufficient temporal resolution
to map the exchange process. Profiles were acquired every 30 s during the
initial 30 min of the experiment, after which the time interval was adjusted
to the decay rate of the water concentration (following hour, 10 min;
subsequent 15 h, 30 min; remainder of experiment, 60 min; total experi-
ment time, 22 h).

Spatial distribution of the D,

The spatial distribution of D, along the tibial cortex was resolved using the
water concentration profiles of specimen 2 (Fig. 4) acquired during the
initial 10 min of the proton-deuterium exchange with atemporal resolution
(8t) of 30 s. Thiswas accomplished using afinite difference approximation
of the diffusion equation, which for a spatialy variant diffusion coefficient
D(x) becomes (Crank, 1957):

ac _ aD(x) ac
gt ax  ax

9%
+ D(x) Fv (4)

in which c, the water concentration, is proportional to the intensity of the
profile at location Xx.

This equation was discretized using the Crank-Nicholson finite differ-
ence scheme, which is second-order accurate in time and space. To apply
this method, the tibia cortex was divided into a grid of equally spaced
points (where the spacing between the points corresponded to the spatial
resolution of the profiles, 8x), and the following difference approximations
were made to time and spatial derivatives:

ac\" cht—ch
)y -m mm (5)
at) 8t

ac”_c”m—cﬂ\,1 5
ax) — 8x (6)

m

oD\ D, — Dy ;
(ax)m T 8x ()

a%c\" 1
<(9X2) = 28X2 [(Cpntll - chn+l + Cnmtll
m

+ (Cms1 — 260 + Cho1)] (8

in which cf}, represents the water concentration at the grid point at position
Xm = X, T M 8X, X, being the location of the center of thetibial cortex, and
acquisitiontimet,, = t, + n &t, t, being the starting time of the experiment.

Substituting these expressions in Eq. 4, alinear equation can be written
for every node m at every time step n, where the independent variables are
the values of D at the grid points. Because the concentration profiles are
approximately symmetric with respect to the center of the cortex, the
problem can be simplified by working with one-half of the cortex thickness
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FIGURE 1 Evolution of the water proton NMR signal for a specimen of
cortical bone suspended in D,O at 25°C. (a) Experimental (A) and simu-
lated (—) exchange kinetics. (b) Linear regression line obtained by fitting
the ten initial experimental data points. The slope was used to compute D,
from Eq. 2.

and imposing a boundary condition of no-flux at the center. The values of
D at the grid points were obtained by solving the over-determined linear
system, by singular value decomposition of the system matrix, using a
routine provided by IDL software (Research Systems, Inc., Boulder, CO).

RESULTS
Diffusion of exchangeable water at 25°C

Figure 1 a shows a typical plot of the integrated water
proton spectral peak versus exchange time, obtained at
25°C. A qualitatively similar behavior for proton-deuterium
exchange in cortical bone was reported previously in a
conference abstract (Borthakur et al., 1998), but no quanti-
tative information was derived in that preliminary work.
The regression line determined by fitting the first 10 exper-
imental data points as a function of the square root of the
exchange time is depicted in Fig. 1 b. We found in simu-
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TABLE 2 Water diffusion coefficient (D,) and exchangeable
water in cortical bone from rabbit tibia

D, X 107 NMR water Water by drying
Specimen (cm?s) (mg) (mg)
1 335+ 0.10 6.04 54
2 2.87 = 0.13 6.03 5.3
3 3.30 = 0.23 3.03 4.0
4 470 = 0.30 3.39 33

* + Standard deviation of regression line slope.

lations that the linear approximation for small values of time
(Eq. 2) isreasonable for values of the water peak integral up
to 0.5 of the integral at equilibrium. The predicted behavior
was corroborated by the experimental data, because r? for
the linear fit was greater than 0.99 in all the experiments.
The D values, calculated from the slope of the regression
lines (shown in Table 2), were used in simulations to
compute atheoretical exchange curve from Eq. 1. Simulated
and experimental dataarein very good agreement (Fig. 1 a).
The average value for D, in cortical bone ((3.56 = 0.78) X
10~ cm?/s) at 25°C is smaller than the water diffusion
coefficient measured in intertubular dentine (Dyentine =
(1.74 + 0.43) X 10 ° cm?s (van der Graaf and ten Bosch,
1990)), but two orders of magnitude larger than the water
diffusion coefficient measured in enamel (Dgama = 3.5 X
107° to 17 X 10~° cm?s (Burke and Moreno, 1975)).

Fig. 2 shows the calibration curve used to determine the
amount of exchangesable water of the specimens based on
the integrated proton signal intensity at equilibrium. The
NMR-derived water content (Table 2) is very close to the
one measured using the gravimetric method, thus demon-
strating that al or amost al of the water displaced by
drying at 100°C is exchangeable.

Energy of activation

As temperature increases diffusion is accelerated, as indi-
cated by the experimental diffusion curves (Fig. 3 a). Ar-
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FIGURE 2 Cadlibration curve for MR-based measurements of exchange-
able water. The curve was obtained by adding increasing amounts of water
to 0.6 ml D,O (from O to 15 pul), covering the range of water content
expected in cortical bone. Integral values were normalized to maximal
integral.
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FIGURE 3 (a) Experimental exchange curves obtained at 25°C (A),
40°C (O), and 55°C (X) showing the temperature dependence of the
diffusion rate. (b) Arrhenius plots for two different cortical bone speci-
mens. The slopes of the linear fits were used to compute the energy of
activation for water diffusion.

rhenius plots obtained for two specimens show excellent
linearity (r> = 0.997, 0.966 respectively, Fig. 3 b). The
calculated values for the activation energy (26.8 and 26.6
kJmol) are close to E, for water diffusion in intertubular
dentine (E, = 29.5 kJ/mol, (van der Graaf and ten Bosch,
1991)) and of the order of E, for water diffusion in enamel
(E5 = 21.7 to 61 kJ/mol (Burke and Moreno, 1975)).

Projection imaging of water diffusion and
spatially resolved D_

Fig. 4 shows the water profiles along the tibial cortex,
obtained by projection imaging for specimen 2. As the
exchange proceeds, H,O is gradually replaced by (unob-
servable) D,O, and the spatial distribution of the water
changes. The profiles appear blurred due to the decay of the

Biophysical Journal 82(1) 522-529
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FIGURE 4 One-dimensional water profiles along the tibia cortex, acquired during proton-deuterium exchange. As the exchange progresses, the water
content decreases, and its distribution changes. The last profile (m) was acquired 16 h after the beginning of the experiment. The profiles are blurred due
to T,* decay of the signal during the acquisition period. The width at half-maximum of the first profile (a) approximately corresponds to the thickness of

the specimen.

signal during acquisition. The transverse relaxation time for
the RF-reversible signal decay (T,*), measured from the
bone water spectrum (acquired in the absence of the imag-
ing gradient), presents two major components (T,* ~ 125
usand ~ 13 ws). Fourier transformation of the time-domain
signal that decays exponentially with time constant T,*,
results in a convolution of the actual water profile with a
Lorentzian function (the point spread function) of line width
(7T,*) L. This process degrades the resolution by blurring
the one-dimensional spatial projections (Callaghan, 1991).
The decay of the signal due to the short T,* component is,
in this case, responsible for the blurring observed in the
projection images of Fig. 4. Despite the blurring of the
profiles the full width at half maximum is in good agree-
ment with the specimen’s thickness.

The water proton signal from the solution is almost
completely suppressed by saturation caused by the long T,
of HDO (repetition time/T, ~ 0.01), asis evident in Fig. 4,
which shows negligible signal levels in the region of the
field of view outside the specimen projection signal for all
profiles.

In Fig. 5 a the integrated signal intensity of the profiles
has been plotted versus exchange time. Six hours after the
start of the experiment, the signal intensity appears to have
reached an equilibrium value, athough there remains a
significant fraction of nonexchanged H,O in the specimen
(~30% of theinitial H,O content). It is clear that thisis not
a true equilibrium because water continues to exchange
even 20 h after immersion of the bone in deuterium oxide,
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albeit at a much lower rate. The exchange curve for times
longer than 6 hiisagain linear with respect to the square root
of the exchange time (Fig. 5 b). The slope of the regression
line was used to estimate the diffusion coefficient for this
process, assuming that the entire remaining water fraction
exchanges at the same rate, and the result is approximately
four orders of magnitude slower than the major water frac-
tion diffusion coefficient (D, ~ 10~ ** cm?s).

Fig. 6 displays the spatial distribution of D, across the
tibial cortex, resolved by the finite difference method, using
the water profiles acquired experimentally for specimen 2 to
compute the spatial and temporal derivatives of the water
concentration. D, increases from 1.24 X 10~ " cm?/s at the
center of the cortex to 3.67 X 10~ ' cm?/s at the endosteal
surface.

DISCUSSION

Diffusion of substancesin a porous composite material such
asthe calcified matrix of cortical bone takes place along the
fluid-containing pores (Haversian canals, lacunae, canalic-
uli, intracellular pathways, and micropores permeating the
bone matrix). Thus, the “apparent” diffusion coefficient is
determined by the diffusion coefficient of the solute in the
fluid that fills the pores, the interaction between solute
molecules and matrix, the actual length of the diffusion
path, and the matrix porosity. The apparent diffusion coef-
ficient of water in cortical bone, measured in our experi-
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FIGURE 5 (a) The integral of the water profile (O) decreases as the
D,0O/H,0O exchange progresses. (b) Water profile integral for exchange
times greater than 6 h, plotted as a function of the square root of exchange
time (@) and linear regression line. From the slope of the regression line
the diffusion coefficient (D, ~ 10~ ** cm?s) of the slow-exchange water
component was estimated.

ments, is two orders of magnitude smaller than the self-
diffusion coefficient of water (D, pore = (3.56 £ 0.78) X
10~ 7 cm?/s, Dy qer = 2.44 X 10 ° cm¥s at 25°C (Wang et
a., 1953)). Theratio of these two valuesis an indication of
the degree of porosity of the matrix and the actua distance
traveled by the water molecules, assuming that the interac-
tion between the water molecules and the channel walls
does not significantly affect diffusion, which is a sensible
assumption for molecules that are small, compared with the
pore size (Maroudas, 1970). However, measurements of the
energy of activation for water diffusion in cortical bone (E,
= 26.8 kJ/mol) result in higher activation energies than for
diffusion in bulk water (E, = 18.9 kJmol (Wang et 4.,
1953)), which implies that the bone matrix does present
barriers to diffusion, by interaction between the water mol-
ecules and the matrix components, presumably in the form
of hydrogen bonds.

Literature reports on quantitative diffusion measurements
in bone are sparse. Neuman and Neuman (1981) performed
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FIGURE 6 D, profile aong the tibia cortex, obtained from the water
concentration profiles of Fig. 4, using a finite difference approximation to
the diffusion equation. The D, profile is shown for one-half of the tibia
cortex with the center of the cortex being located at x = 0.13 mm.
Superimposed on the D, profile is the water profile at the beginning of the
experiment (bold line).

studies of diffusion in rat calvaria, determining the rates of
diffusion of small ions and neutral molecules. For compar-
ison purposes, we have used the measured rates (reported in
percentage clearance per hour normalized to 1 cm? cross-
sectiona area) to estimate the water diffusion coefficient.
Theresult (D = 1.8 X 10" cm?/s) isin fair agreement with
our own measurements.

Diffusion of water in cortica bone is two orders of
magnitude faster than in enamel (Dgame = 3.5 X 10~ to
17 x 102 cm?/s (Burke and Moreno, 1975)). The dissim-
ilar behavior of the two calcified tissues can be explained by
differences in their porosity. The enamel matrix, which is
relatively homogenous compared with other calcified tis-
sues, has a high mineral content, which at peak calcification,
occupies ~85% of the matrix volume (93% of matrix wet
weight), whereas the volume occupied by water is reduced
to 10% (3.7% weight), which is consistent with the high
density of fully mineralized enamel (2.79 mg/mm?3
(Deakins, 1942)). The matrix of cortical bone, on the other
hand, contains more water, which for fully mineralized bone
may exceed 20% by volume, thus reducing the matrix
density to 2 mg/mm?, (Robinson and Elliot, 1957). Diffu-
sion of water in intertubular dentine is faster than in cortical
bone (D gentine = (1.74 + 0.43) X 10~ ° cm?s (van der Graaf
and ten Bosch, 1990)). Although the ranges of mineral
fraction are similar in bone and dentine, the density of
cortical bone is known to vary significantly with the type of
bone and the anatomical location. In thiswork we have used
dense cortical bone specimens, which probably explains the
difference in diffusion rates.

In general, osteocytes are located within 100 to 150 um
of the Haversian canals (Martin and Burr, 1989), which
congtitute the bone vascular system and are the source of
nutrient supply. Based on the value of D, measured at 40°C
(close to the physiological temperature) we estimate that it
would take 1.24 min for awater molecule to travel 100 um
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in the cortical bone matrix. This result is in agreement with
qualitative studies of diffusion using fluorescent tracers in
tibial rat bone in vivo (Tate et a., 1998). Here, the authors
observed that supply of small molecules to osteocytes by
diffusive transport mechanisms via the lacunocanlicular
system occurred within minutes after the tracers were intro-
duced intravenoudly. Diffusive transport of water, in vivo, is
presumably faster than it occurs under the conditions of our
experiments, because the water content of the bone matrix
under physiological conditions is higher, since some bone
water is lost by evaporation after excision from the body
and equilibration with the atmosphere (Smith and Walms-
ley, 1959).

The average water content of the bone specimens, mea-
sured using gravimetric methods (11.1 = 0.4 weight %) is
in the normal range for cortical bone (Robinson and Elliot,
1957). NMR-derived measurements of cortical bone water
show that al or almost all the matrix water displaced by
drying at 100°C is exchangesable. This observation agrees
with reported studies of water exchange using deuterium
oxide, invivo, (Edelman et al., 1954), which found that 95%
of the water contained in samples from the cortex of radius
and femur dog bone (collected by vacuum distillation for 8
to 12 h) exchanges after 2 to 4 h. Drying at 100°C, however
does not displace the water associated with the minera
phase (Robinson, 1960a).

The water profiles obtained by projection imaging, as the
H,O/D,O exchange takes place, indicate that there is a
significant H,O fraction that still exchanges 6 h after the
beginning of the experiment. The exchange rate for this
processis four orders of magnitude slower than diffusion of
the major water fraction. Presumably, this water is tightly
bound to the organic matrix and the mineral phase and
diffuses aong the micropores that are embedded in the
collagen and hydroxy-apatite matrix. On the average, the
size of these micropores is an order of magnitude smaller
than the size of canaliculi (Cooper et a., 1966; Holmes et
a., 1964); the smaler pore size, together with stronger
interaction between this water fraction and the bone matrix
could explain the slower transport rate. The existence of
tightly bound water in bone has been investigated previ-
oudly using gravimetric methods (Robinson, 1960b) and in
dielectric studies (Marino et al., 1967) where a critica
hydration value of 37 to 49 mg H,0O/g bone was determined,
below which water is assumed to be bound and above which
itisfree.

The spatially resolved diffusion profiles show that diffu-
sion rates are higher close to the endosteal and periosteal
surfaces and lower toward the center of the cortex, which
presumably reflects differences in porosity across the cortex.

CONCLUSIONS

NMR imaging and spectroscopy based on monitoring the
H,0O/D,0 exchange kinetics has proved to be uniquely
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suited for studying diffusion rates of water through the
calcified matrix of compact bone, thus yielding detailed
insight into the diffusional transport mechanisms across the
bone matrix. It is concluded that transport of small mole-
cules from the Haversian system to osteocytes takes on the
order of minutes. The activation energy for the diffusion
process indicates that interactions between the water mole-
cules and the matrix pores present significant barriers to
diffusion. The finite difference method used to resolve the
D, profile across the tibial cortex allowed observation of
variations in transport properties on alocal scale, which are
probably related with changes in tissue microstructure and
porosity. Finally, the data support the hypothesis of the
existence of at least two different water fractions in the
cortical bone matrix.

The authors are indebted to Dr. H. K. Song and Dr. J. Fernandez-Seara for
helpful discussion.
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