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To translate and evaluate an in vivo magnetic resonance
(MR) imaging protocol for quantitative mapping of colla-
gen-bound and pore water concentrations in cortical bone
that involves relaxation-selective ultrashort echo time
(UTE) methods.

All HIPAA-compliant studies were performed with in-
stitutional review board approval and written informed
consent. UTE imaging sequences were implemented on a
clinical 3.0-T MR imaging unit and were used for in vivo
imaging of bound and pore water in cortical bone. Images
of the lower leg and wrist were acquired in five volunteers
each (lower leg: two men and three women aged 24, 24,
49, 30, and 26 years; wrist: two men and three women
aged 31, 23, 25, 24, and 26 years) to generate bound and
pore water concentration maps of the tibia and radius.
Each volunteer was imaged three times, and the standard
error of the measurements at the region-of-interest (ROI)
level was computed as the standard deviation across stud-
ies, pooled across volunteers and ROIs.

Quantitative bound and pore water maps in the tibia and
radius, acquired in 8-14 minutes, had per-voxel signal-to-
noise ratios of 18 (bound water) and 14 (pore water) and
inter-study standard errors of approximately 2 mol 'H per
liter of bone at the ROI level.

The results of this study demonstrate the feasibility of
quantitatively mapping bound and pore water in vivo in
human cortical bone with practical human MR imaging
constraints.

©RSNA, 2015
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ragility fractures are an increas-
ingly prevalent challenge in health
care, and the number of fractures
continues to increase with the rapidly
growing elderly population (1). The cur-
rent standard for diagnosing fracture
risk comprises measurements of bone
mineral density (BMD), primarily with
dual-energy x-ray absorptiometry. How-
ever, bone health and fracture risk de-
pend on many factors other than BMD,
such as architecture, collagen content,
and porosity. In addition, clinical risk
factors such as age, previous fracture,
family history, and use of corticoste-
roids can affect the fracture resistance
of bone (2). Several methods have
been developed to improve fracture
risk assessment (3), such as quantita-
tive ultrasonography of bone to reflect
material information (4-6), quantita-
tive computed tomography to measure
trabecular volumetric bone density and
cortical structure (7-9), and the Web-
based Fracture Risk Assessment Tool,
or FRAX, to account for clinical risk
factors in addition to BMD measure-
ments (10,11). In previous work, there
has been substantial progress in mag-
netic resonance (MR) imaging methods
for the evaluation of bone (12-13).
Through a variety of hydrogen 1
("H) MR spectroscopy studies (16,17)
of ex vivo cortical bone samples, the
contributions and relaxation charac-
teristics of signals from water in pores
and water bound to the collagen matrix
have been characterized. MR spectros-
copy signals of short T2 (approximately
400 psec) are due to collagen-bound
water, and signals of longer T2 (1 msec
to 1 sec) are primarily due to pore
water. In similar samples, the bound
and pore water 'H MR spectroscopy
signal amplitudes have been shown to
correlate with mechanical properties,

Advance in Knowledge

® MR imaging of cortical bone
water can provide quantitative
measures of bound and pore
water concentrations with stan-
dard errors of approximately 2
mol hydrogen 1 per liter of bone
in the tibia and radius.

including yield stress, peak stress,
and elastic toughness (18-20). Bone
specimens with a greater concentra-
tion of bound water tend to have high
peak and yield stress values and elastic
toughness, whereas specimens with a
greater concentration of pore water are
generally associated with higher poros-
ity and lower peak stress, yield stress,
and toughness. However, it is necessary
to distinguish between the bound and
pore water signals, because their sum
has little or no relationship to mechani-
cal properties (20).

Bound and pore water signals can
be discriminated on the basis of relax-
ation times by using wide-bandwidth
T2-selective adiabatic radiofrequency
(RF) pulses (21). Use of these pulses
in conjunction with an ultrashort echo
time (UTE) acquisition allows imag-
ing of bound and pore water signal
(22). The double adiabatic full passage
(DAFP) sequence uses two consecutive
adiabatic RF pulses to suppress bound
water signals while retaining pore water
magnetization to near its sequence
equilibrium state. The adiabatic inver-
sion recovery (AIR) sequence uses a
single adiabatic RF pulse followed by
an appropriate delay (inversion time)
to selectively null pore water magneti-
zation while allowing bound water mag-
netization to return to near its equilib-
rium state. In both cases, longitudinal
magnetization is excited by a hard RF
pulse immediately following the magne-
tization preparation, resulting in a sig-
nal that is primarily from pore water or
bound water, respectively, for the DAFP
and AIR sequences. The pulse sequence
diagram for these sequences is given in
Figure 1. Signal equations and a more
detailed description of these methods
can be found in prior works (21,22).

These sequences have previously
been validated in whole human cadav-
eric bones with a clinical 3.0-T system

Implication for Patient Care

B Quantitative MR imaging maps of
bound and pore water in cortical
bone may potentially offer diag-
nostic information on bone
quality within the tibia or radius.

against nonlocalized measures of
small bone specimens extracted from
the whole bones (22). The purpose of
our study was to translate and eval-
uate an in vivo MR imaging protocol
for quantitative mapping of collagen-
bound and pore water concentrations
in cortical bone with relaxation-selec-

tive UTE methods.

Materials and Methods

A patent regarding the technology
evaluated in this manuscript is held by
R.A.H., D.F.G., J.S.N., and M.D.D.

Subjects

All studies were compliant with the
Health Insurance Portability and Ac-
countability Act, were approved by
the institutional review board, and in-
cluded written informed consent. Eligi-
ble volunteers included 20-80-year-old
healthy adults. Exclusion criteria in-
cluded volunteers with non-MR imag-
ing compatible implants or cerebral an-
eurysm clips; volunteers who may have
had shrapnel embedded in their bodies;
volunteers younger than 20 years of
age; pregnant women; and volunteers
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Figure 1:  Diagram of the three-dimensional UTE pulse sequence. In this sequence, the preparation (PREP)

pulse is a double eighth-ordered hyperbolic secant (HS8) pulse for DAFP and a single HS8 pulse for AIR, and

TD s the time delay between the end of the preparation

pulse and the start of data acquisition. The effective

inversion recovery time Tl = TD + TR, - /2, where N radial spokes are acquired with period TR, during
every repetition time (7A) period. ACQ = acquisition, g, = readout gradient, g, = spoiler gradient, X =

receive RF, TX = transmit RF.

with a history of fragility fracture, can-
cer, chronic steroid use, osteogenesis
imperfecta, Paget disease or other
congenital bone disease, diabetes,
bisphosphonate use, medical contra-
indication to MR imaging, or drug or
alcohol abuse. The wrists in five healthy
volunteers (two men and three women
aged 31, 23, 23, 24, and 26 years) and
the lower legs in five healthy volunteers
(two men and three women aged 24,
24, 49, 30, and 26 years) were imaged
three times each, with no more than
5 weeks between examinations. The
subjects provided informed consent be-
tween August 2013 and August 2014.

Imaging Protocol

By using a 3.0-T Achieva MR imaging
unit (Philips, Best, the Netherlands), leg
studies were performed with 1.5-mm
nominal isotropic resolution by using a
knee eight-channel receive coil and the
body coil for signal transmission. Wrist
studies were performed with 1.2-mm
nominal isotropic resolution by using
a wrist eight-channel receive coil and
the body coil for signal transmission.
Wrist studies were performed with the
volunteer lying in the prone position
with the arm extended above the head.
A short-T2 reference phantom (CuSO -
doped 10% H,0/90% D,O in a 10-mm
MR spectroscopy tube) in the field of
view was used to convert signal inten-
sity into absolute units of concentration
(moles of 'H per liter of bone). Another
pair of reference phantoms with longer

T2s were used in measuring the relative
receive field in the first phantom, as de-
scribed below.

Bound and pore water maps were
generated by using the AIR and DAFP
sequences, respectively, and a conven-
tional UTE sequence was performed
for anatomic reference. All examina-
tions, including positioning for both
the tibia and the radius, took approx-
imately 1 hour. The following parame-
ters were used for the AIR sequence:
repetition time, 400 msec; inversion
time, 85 msec; and adiabatic inversion
with a 10-msec, 3.5-kHz HSS8 pulse.
The DAFP sequence was performed
with the following parameters: repeti-
tion time, 615 msec (for the wrist) or
400 msec (for the leg); time delay, 5
msec; and two consecutive HS8 pulses.
Signal acquisition for the DAFP and
AIR sequences was accomplished by
acquiring 124 samples (for the wrist)
or 171 samples (for the leg) along each
of 20000 (for the wrist) or 33792 (for
the leg) radial half-spokes in k-space.
Studies were accelerated by acquir-
ing Ny = 16 spokes per magnetization
preparation (Fig 1), with a 3.18-msec
repetition time per spoke, resulting in
imaging times of approximately 8-12
minutes for the AIR and DAFP se-
quences in the wrist and 14 minutes
for each study in the leg. Magnetization
was excited with a 115-psec hard RF
pulse and a variable flip angle schedule
(initial prescribed flip angle, 8, = 12.5°;
effective total flip angle, 6, = 60°) to

generate approximately constant trans-
verse magnetization for all 16 spokes
(23). The effective echo time, as mea-
sured from the center of the RF exci-
tation pulse to the start of acquisition,
was 127.5 psec. The conventional UTE
image in each study was obtained with
a repetition time of 2.5 msec, an echo
time of 62.5 psec, and a 25-psec, 6°
flip excitation pulse. The maximum gra-
dient amplitudes and slew rates of the
system were used in all studies. The
repetition times were dictated by U.S.
Food and Drug Administration—defined
RF power deposition limits.

The receive-coil sensitivity map was
characterized by computing the ratio of
two low-resolution T1-weighted images
(repetition time, 447 msec; echo time,
26 msec; voxel size, 2 X 2 X 6 mm) by
using the knee coil for receiving for the
first image and the body coil for receiv-
ing for the second. Because the signal
in the cortical bone region was very low
on these T1-weighted images, the sensi-
tivity map was smoothed by using map
values from surrounding voxels within
an apodized 11 X 11 window. The sig-
nal in the short-T2 reference phantom
was also low in the sensitivity maps,
so the sensitivity for this phantom
was estimated from the mean relative
sensitivity of two longer-T2 reference
phantoms placed on either side of the
short-T2 phantom.

Image Analysis

Images were reconstructed by using
standard Philips base code or, for data
acquired after a system hardware re-
pair and gradient recalibration, were
reconstructed offline by using mea-
sured gradient trajectories (24) and
standard density compensation and
gridding methods (25). Bound and pore
water concentrations were computed
on a voxel-by-voxel basis by using pre-
viously published signal equations (22)
and were converted to absolute units of
water equivalent concentration by us-
ing the reference marker signal, which
had a known concentration of 11.11
mol 'H per liter of bone. The blurring-
induced signal loss that results from
having signal with a T2* approximately
equal to the radial acquisition time
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Figure 2

Figure 2:  Example ROl locations (red boxes) in the
tibia (top) and wrist (bottom). ROIs were 3—6 voxels
within an axial section, through three sections.

was empirically estimated by simulat-
ing the effect of blurring by using bone
geometry (22). In the signal equations,
for bound and pore water, respectively,
T1 was defined as 290 and 450 msec
(22), and T2* was defined as 350 and
2600 psec (26).

Statistical Analysis

For ease of manually defining regions
of interest (ROIs), images were upsam-
pled by a factor of two by using bicubic
interpolation, and ROIs were chosen by
a single observer (M.K.M., with 3 years
of experience) with reference to ana-
tomic landmarks. The size of each ROI
was 12 or 6 voxels per section for the
tibia and radius, respectively, through a
4.5-mm section thickness. In both the
tibia and the radius, the ROIs were cho-
sen close to the midpoint of the diaphy-
sis. Keeping the distance from the distal
end of the radius or tibia to the center
of the field of view constant between

Figure 3

Figure 3:

Representative axial MR imaging sections obtained in the lower leg of one volunteer by using the

three UTE protocols: conventional UTE (left), AIR (middle), and DAFP (right).

repeated studies ensured consistency in
location. Examples of ROI locations are
shown in Figure 2. There were three
ROIs in the tibia, corresponding to the
anterior, medial, and posterior parts of
the cortical bone. Two ROIs were de-
fined in the medial and lateral parts of
the radius. Voxels near the edge of the
bone were avoided to minimize partial-
volume effects.

The standard deviation of image
noise per voxel was measured as the
mean/+n/2 from a background re-
gion prior to upsampling of the image,
and the standard deviations of the
bound and pore water concentrations
were then computed from this value
through propagation of error. The per-
voxel signal-to-noise ratio (SNR) was
defined as the bound or pore water
concentration within the cortical bone
divided by the computed standard de-
viation of the bound or pore water con-
centration. Inter-study variability was
evaluated for each volunteer and ROI
as the standard deviation of the ROI
means across three repeated studies.
With the assumption that inter-study
variability was independent of volun-
teer and ROI, the pooled standard de-
viation was also computed for each of
the four protocols (DAFP and AIR of
the tibia and radius).

To demonstrate general image quality,
Figure 3 shows representative raw mag-
nitude image sections of the leg in one
volunteer obtained by using all three
UTE protocols—conventional UTE,
AIR, and DAFP; images of the wrist

looked similar. The bone tissue signal
intensity on the conventional UTE and
DAFP images looks dark compared
with that of the surrounding tissue be-
cause of the difference in proton den-
sity between bone and fat or muscle,
but the signal in the bone was greater
than the noise in all cases.

Quantitative bound and pore water
maps in all five volunteers are present-
ed in Figures 4 and 5. Figure 4 shows
representative sections of bound and
pore water maps in the tibia overlaid
on conventional UTE images. Figure 5
shows similar images of the wrist, with
bound and pore water maps overlaid on
images of the radius. Across subjects
and repeated studies, the mean per-
voxel standard deviation of the bound
and pore water maps was 1.39 and
0.74 mol 'H per liter of bone, respec-
tively, and was approximately equal
for the tibia and radius studies. Corre-
spondingly, the per-voxel SNR was 18
for bound water maps and 14 for pore
water maps.

The repeatability of the parameter
maps can be qualitatively assessed in
Figure 6, which shows maps from the
three repeated studies in one subject
in the tibia and in one subject in the
wrist. Results of quantitative evalu-
ation of mean bound and pore water
concentrations among the three im-
aging sessions per subject with inter-
study variability of signals are shown
in Tables 1 and 2 and are summarized
in Figure 7. In the tibia and the radius,
bound water concentrations were ap-
proximately 28 and 35 mol 'H per liter
of bone, respectively, and correspond-
ing pore water concentrations were
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Figure 4

Figure 4:  Axial MR images obtained in the lower leg in all five subjects; images are conventional UTE images overlaid with pore (top row) and bound (bottom row)
water maps in the tibia.
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Figure 5: Axial MR images obtained in the wrist in all five subjects; images are conventional UTE images overlaid with pore (top row) and bound (bottom row) water

maps in the radius.

approximately 7 and 6 mol 'H per liter
of bone. These values were similar to
those in previous ex vivo observations
in the femur (22). Bound and pore
water are generally inversely corre-
lated, especially in the larger anterior
section of the tibia. As expected, the
healthy volunteers in this study had
relatively high bound water and low
pore water concentrations. Tabulated
for each ROI, the inter-study stan-
dard deviation in ROI means (Tables
1 and 2 and error bars in Fig 7) were
generally similar in magnitude, with a
mean of 1.93 mol 'H per liter of bone

(range, 0.07-4.1 mol 'H per liter of
bone). Given the ROI sizes, these
inter-study variations were generally
greater than expected from intrinsic
noise levels alone (see above), indi-
cating some systematic variation from
study to study, the causes of which
are discussed below.

The DAFP and AIR methods of mea-
suring pore and bound water concen-
trations, respectively, in cortical bone
were demonstrated in vivo in the radius

and tibia. The radius and the tibia are
excellent sites for MR imaging because
of their size and accessibility for coils;
additionally, imaging measurements in
these bones have been shown to be as-
sociated with fracture risk (3). These
methods have no ionizing radiation and
allow for new quantitative measure-
ments that are known to reflect the
material properties of bone (18-20).
In particular, bound water is not de-
tectable with conventional bone imag-
ing methods but is indirectly a marker
of collagen matrix integrity and has
shown correlations with the toughness
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mol "H/L,

Figure 6: Representative axial MR images

of the tibia in one subject (left column) and the
radius in another (right column); images are con-
ventional UTE images with pore (top) and bound
(bottom) water maps overlaid for three repeated
studies.

of bone (19,20). Low bound water
measurements could account for the
disproportionate increase in fracture
risk compared with the decrease in
bone density measurements in type 2
diabetes or in aging populations that
have demonstrated increased brittle-
ness that cannot be measured with cur-
rent x-ray methods (27,28). Pore water
is an indirect measure of porosity;

Table 1

Inter-Study Means and Standard
Deviations in the Tibia

Subject and
ROI Bound Water Pore Water
Subject 1
ROI'1 28.61 = 1.37 2.86 = 0.41
ROI 2 23.28 = 0.36 8.59 = 1.53
ROI'3 2570 =058 11.30 = 2.17
Subject 2
ROI'1 2311 +0.75 5.53 = 0.07
ROI 2 29.93 = 1.54 3.47 £ 0.34
ROI'3 26.45 = 1.98 8.99 = 0.76
Subject 3
ROI'1 18.57 = 1.96 9.24 + 0.83
ROI 2 32.14 = 1.61 1.85 = 0.59
ROI'3 2510 = 1.92 7.43 +0.78
Subject 4
ROI'1 24.05 + 0.53 8.56 = 1.29
ROI 2 31.67 +1.43 6.53 = 1.00
ROI'3 3257 =174 1034 =223
Subject 5
ROI'1 27.74 =314 8.10 = 0.79
ROI 2 31.93 + 4.14 8.74 £ 0.70
ROI'3 36.98 = 2.92 8.23 +1.22
Mean 27.86 = 2.00*  7.32 = 1.15*

Note.—Data are mean water concentrations (in moles
of 'H per liter of bone) = standard deviations.

*Pooled standard deviation across all subjects and ROIs.

as pore water increases, porosity in-
creases (29). Therefore, we postulate
that subjects at high risk for fragil-
ity fractures will generally have high
pore water and/or low bound water,
although more studies need to be per-
formed to justify this claim. In future
studies, these methods will be applied
to subjects with poor bone health, such
as postmenopausal women, to evaluate
changes in bound and pore water in re-
sponse to treatment.

In contrast to previous MR imaging
studies of human bone in vivo, which
provided structural information (12,30)
or information regarding net cortical
bone water (31-33), our methods spe-
cifically discriminated between signals
from bound water and those from pore
water. (Although one of these previous
studies [32] included soft-tissue signal
suppression, which likely suppressed
some portion of the pore water signal.)

Table 2

Inter-Study Means and Standard
Deviations in the Radius

Subject and
ROI Bound Water Pore Water
Subject 1
ROI'1 28.65 = 0.49 423 +1.12
ROI 2 28.99 + 2.51 6.37 = 0.45
Subject 2
ROI 1 4297 =1.91 6.33 £ 2.67
ROI 2 34.13 = 0.69 6.72 = 3.55
Subject 3
ROI1 37.53 £1.28 6.20 = 1.93
ROI2  40.87 = 3.01 5.09 = 1.38
Subject 4
ROI 1 33.93 * 3.56 452 + 0.44
ROI 2 3538 £380 12.87 = 2.52
Subject 5
ROI'1 32.33 = 3.37 5.01 +1.83
ROI 2 33.79 = 2.72 4,07 = 1.4
Mean 34.86 + 2.59* 6.14 = 1.97*

Note.—Data are mean water concentrations (in moles
of 'H per liter of bone) + standard deviations.

*Pooled standard deviation across all subjects and ROIs.

An alternate approach for distinguish-
ing between bound and pore water sig-
nals in cortical bone by using only T2*
differences and bicomponent analysis
of the signal decay with echo time has
been demonstrated ex vivo (26). If in-
corporated into fast two-dimensional
UTE acquisitions across a wide range
of echo times (31), this approach may
offer another clinically viable MR imag-
ing protocol for bound and pore water
measurement in vivo.

Our methods directly measure
bound and pore water content, so they
do not require multiple echo times or as
high of an SNR as bicomponent analysis
needs in order to measure bound and
pore water signal by using T2* differ-
ences. Bicomponent analysis can be
further confounded when the underly-
ing signal has more than two T2* com-
ponents or in the presence of fat sig-
nal, which does not decay exponentially
owing to chemical shift differences with
water. In addition, similar to protocols
in some previous quantitative MR im-
aging studies of cortical bone (26,27),
the DAFP and AIR protocols presented
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Bar graphs show quantified signal in the five ROIs in the tibia and radius in all five

subjects (S1, 82, S3, 54, 55). Bars = mean in the ROIs over the three repeated studies, error bars = inter-
study variability (standard deviation between the three studies).

here involved the use of reference
phantoms to convert signals into abso-
lute units of proton concentration. This
is especially important when separating
two distinct signals from the bone, be-
cause a change in the relative fractions
of these two signals could be due to a
specific change in either or both.

As for many quantitative MR im-
aging protocols, the primary limita-
tions of the methods presented here
were precision and imaging time. The
per-voxel intra-study variability alone
was approximately 0.8 mol 'H per li-
ter of bone in imaging times of 8-14
minutes, but the pooled standard de-
viation of signal intensities across re-
peated studies was roughly twice that
(Tables 1 and 2), indicating room for
improvement in precision that was in-
dependent of raw SNR.

The effect of excitation flip angle
calibration on our measurements was
independently investigated by acquiring
B,* maps (34) repeatedly in one sub-
ject five times in the tibia and three

times in the radius, with reposition-
ing between measurements. By using
measured B;* values in the bone and
reference markers from these stud-
ies, the prescribed B*, and the mean
bound and pore water concentrations
listed in Tables 1 and 2, the effects of
B,* variation between studies on bound
and pore water concentrations were
calculated. These calculations showed
that B,* variations resulted in standard
deviations in bound and pore water
concentrations, respectively, of 0.80
and 0.30 mol 'H/L,__ in the tibia and
slightly lower values in the radius. In
principle, this source of signal variation
can be accounted for with B* mapping
and/or better RF calibration protocols.

The remaining systematic inter-
study signal variation was likely due to
variations in ROI placement and associ-
ated partial-volume effects. As a simple
test, signal intensities were recomputed
for whole-section ROIs, and the inter-
study pooled standard deviation de-
creased by an average of 0.5 mol 'H per

liter of bone. Thus, defining larger ROls
would tend to reduce the inter-study
variance, although at the expense of los-
ing sensitivity to more localized chang-
es in bound or pore water concentra-
tions. Some more sophisticated signal
analysis that considers the distribution
of bound and pore water throughout
the entire bone volume might be offer
both low inter-study variance and high
sensitivity to local or global changes in
bone characteristics. Also, higher reso-
lution studies may permit more repro-
ducible, automated ROI placement and
will minimize partial-volume averaging
effects. Spatial resolution may be a par-
ticularly important limitation when im-
aging patients with osteoporosis, who
tend to have thin bone cortex.

Higher resolution images will re-
quire both faster imaging protocols
and some increase in SNR. The use of
dedicated or specialized RF coils for
signal reception offers the best oppor-
tunity to improve resolution and imag-
ing time, albeit with a smaller field of
view. Beyond hardware improvements,
reduced (35) or anisotropic (36,37)
field of view methods might be effective
in increasing resolution or in enabling
access to regions such as the femoral
neck that would otherwise require a
relatively large three-dimensional field
of view and long imaging time. Simi-
larly, another possible approach is to
use two-dimensional rather than three-
dimensional UTE acquisitions. Current
two-dimensional UTE protocols use
half-pulse RF excitation to keep echo
times short (38-40), but signal am-
plitudes from these methods are very
sensitive to gradient waveform calibra-
tion, making their use for quantitative
methods a challenge. A two-dimension-
al UTE protocol that is relatively insen-
sitive to gradient performance has been
proposed (41), but it comes with an ad-
ditional SNR cost. Finally, given the rel-
atively sparse nature of the bound and
pore water maps, model-based recon-
struction or compressed sensing may
offer avenues to reducing imaging time.

Despite the current limitations of
the DAFP and AIR methods, our re-
sults (Tables 1 and 2, and Fig 7) dem-
onstrate potential for these methods to
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provide clinical insight into changes in
bone health. Using the pooled standard
deviation estimates as the standard er-
ror (SE) for each method and bone, the
smallest significant statistical difference
detectable between repeated studies in
a given individual was t_ - V2 - SE,
where t_ is the t statistic for a signif-
icance level of o and a two-tailed test
and v is the number of degrees of free-
dom (27). At an « of .05 and v = (n —
k), with n = (number of subjects times
number of ROIs times number of stud-
ies) (45 for the tibia and 30 for the ra-
dius) and k = (number of subjects times
number of ROIs) (15 for the tibia and
10 for the radius), on the basis of data
from this study, these smallest statisti-
cal differences were 3.3 and 5.8 mol 'H
per liter of bone in the pore water and
5.7 and 7.5 mol 'H per liter of bone
in the bound water of the tibia and ra-
dius, respectively. Given the estimates
for reducing inter-study variability
through quantitative B;* mapping and
whole-bone data analysis provided
above, these smallest statistical dif-
ferences may decrease to 2.4 and 3.4
mol 'H per liter of bone in the pore
water and 4.4 and 6.8 mol 'H per liter
of bone in the bound water of the tibia
and radius, respectively. Given the
limit that the only factor in inter-study
repeatability is thermal noise, with the
current SNR, these differences would
decrease further to 1.9 and 2.5 mol 'H
per liter of bone in the pore water and
3.8 and 4.7 mol 'H per liter of bone in
the bound water of the tibia and ra-
dius, respectively.

Although these values are not small
compared with the variation in bound
and pore water measures across sub-
jects here, only healthy and relatively
young volunteers were included in our
study, which gave a relatively small
range of bound and pore water values.
A greater range of values would be ex-
pected between healthy and unhealthy
bones. In previous ex vivo studies of
cortical bone samples(20,22), bound
water measurements in the femur
ranged from approximately 11 to 24
mol 'H per liter of bone, while pore
water measurements ranged from ap-
proximately 5 to 30 mol 'H per liter of

bone. These bone samples came from
43 cadavers with unknown bone health
(age range at death, 21-1035 years), so
this wider range (13 and 25 mol 'H per
liter of bone for bound and pore water)
may reflect a more clinically relevant
range of values than that seen in the
healthy subjects in our study. Further
studies are needed to determine the
diagnostic potential of these measure-
ments for specific clinical conditions.

In conclusion, the results of our
study demonstrate that quantitative
MR imaging that is selective for bound
or pore water in cortical bone can be
practically performed in vivo, yielding
bound and pore water maps with stan-
dard errors of approximately 2 mol 'H
per liter of bone.
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