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Purpose: To develop and evaluate a method based on ultrashort
echo-time radial magnetic resonance (MR) imaging to
quantify bone water (BW) concentration as a new metric
of bone quality in human cortical bone in vivo.

Materials and
Methods:

Human subject studies were institutional review board
approved and HIPAA compliant; informed consent was
obtained. Cortical BW concentration was determined with
custom-designed MR imaging sequences at 3.0 T and was
validated in sheep and human cortical bone by using ex-
change of native water with deuterium oxide (D2O). The
submillisecond T2* of BW requires correction for relax-
ation losses during the radiofrequency pulse. BW was
measured at the tibial midshaft in healthy pre- and post-
menopausal women (mean age, 34.6 and 69.4 years, re-
spectively; n � 5 in each group) and in patients receiving
maintenance hemodialysis (mean age, 51.8 years; n � 6)
and was compared with bone mineral density (BMD) at
the same site at peripheral quantitative computed tomog-
raphy, as well as with BMD of the lumbar spine and hip at
dual x-ray absorptiometry. Data were analyzed by using
the Pearson correlation coefficient and two-sided t tests as
appropriate.

Results: Excellent agreement was obtained ex vivo between the
water displaced by using D2O exchange and water mea-
sured with respect to a reference sample (r2 � 0.99, P �
.001). In vivo, BW in the postmenopausal group was
greater by 65% (28.7% � 1.3 [standard deviation] vs
17.4% � 2.2, P � .001) than in the premenopausal group,
and patients with renal osteodystrophy had higher BW
(41.4% � 9.6) than the premenopausal group by 135%
(P � .001) and the postmenopausal group by 43% (P �
.02). BMD showed an opposite behavior, with much
smaller group differences. Because the majority of BW is
in the pore system of cortical bone, this parameter pro-
vides a surrogate measure for cortical porosity.

Conclusion: A new MR imaging–based method for quantifying BW
noninvasively has been demonstrated.
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Cortical bone contains approxi-
mately 20% water by volume
(1,2). Most bone water (BW) re-

sides in the microscopic pores of the
haversian and the lacunocanalicular sys-
tems. A smaller fraction of cortical BW
is bound to collagen and the matrix sub-
strate, and some tightly bound water is
imbedded in the crystals of the apatite-
like mineral (3). The hydrated state of
bone is essential in conferring bone ma-
terial its unique viscoelastic properties
(ie, bone stiffness increases with in-
creasing strain rate) (4).

On the other hand, an increase in
pore volume fraction as a result of age-
related bone loss (5,6), and generally in
response to increased bone turnover
(7), reduces mechanical competence of
bone (8,9). In human cadaveric speci-
mens from the femoral middiaphysis,
Bousson et al (10) showed that the re-
duction in computed tomographic (CT)
density was associated with increased
porosity. McCalden et al (6) found that
virtually all measures of cortical bone
strength declined with age and that po-
rosity accounted for 76% of the age-
related changes in strength.

Pore size is below the resolution of
in vivo imaging devices. (Pore diame-
ters range from tens of micrometers in
the osteocyte lacunae and haversian ca-
nals to submicrometer dimensions in
the canaliculi [11].) However, because
most BW resides in the pores of the
haversian system, a measure of BW
concentration can potentially provide a
surrogate measure of bone porosity.

Magnetic resonance (MR) imaging of-
fers a unique opportunity for the quantifica-
tion of BW, even though this is not possible
with conventional imaging techniques as
they are currently used for soft-tissue visu-
alization. The pore water protons possess
extremely short transverse relaxation times
(T2 � 500 �sec) that result from surface
interactions and diamagnetism of the min-
eral relative to water (12). Consequently,
the BW signal is not detectable with stan-
dard imaging pulse sequences in which
echo times typically are on the order of
milliseconds. However, BW can be de-
picted in vivo with suitable MR imaging
techniques, which employ radial readouts
in conjunction with short-duration radiofre-
quency pulses to enable the acquisition to
start tens of microseconds after excitation
(13–15).

The purpose of this work was to de-
velop and evaluate a method based on ul-
trashort echo-time radial MR imaging to
quantify BW concentration as a new metric
of bone quality in human cortical bone in
vivo.

Materials and Methods

The MR imaging–based method based on
ultrashort echo-time radial MR pulse se-
quences reported previously (14) was first
validated in two sets of experiments in
sheep and human cadaveric bone to deter-
mine quantitative accuracy. Subsequently,
a pilot study was performed to evaluate the
method’s sensitivity to distinguish subjects
of different age and disease state, and the
data were compared with areal and volu-
metric bone mineral density (BMD) quan-
tified at dual x-ray absorptiometry and at
peripheral quantitative CT. All human sub-
ject studies were performed in compliance
with institutional review board and Health
Insurance Portability and Accountability

Act regulations, and informed consent was
obtained.

Specimens
To validate the image-based measure-
ments, the nativeBW(H2O)was quantified
by its substitution with deuterium oxide
(D2O), analogous to the approach de-
scribed by Fernandez-Seara et al (16). For
a model, we used cortical bone from the
tibial midshaft of adult sheep, which has
similar osteonal architecture as human
bone (17). The bone, obtained from a local
meat market, was cleaned of all soft tissue
including bone marrow, and was cut trans-
versely into two 2.5-cm-long sections, and
the specimens were stored in saline
(0.85% NaCl in H2O) until the time of
experiments.

Additional experiments were per-
formed on tibiae from human donors
with no known bone disease at death
that were obtained from the Interna-
tional Institute for the Advancement of
Medicine (Jessup, Pa). Six tibial mid-
shaft specimens were harvested from
four cadavers of both sexes, with age at
death ranging from 57 to 79 years. Each
specimen was cut from �15 mm to �15
mm in inferior and superior from the
center of the shaft, cleaned of soft tis-
sue, demarrowed with a high-pressure
water jet, and stored in saline.
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Advances in Knowledge

� A new method is introduced for
image-based quantification of cor-
tical bone water (BW) based on
ultrashort echo-time radial MR
imaging in vivo in human subjects.

� The new method has been vali-
dated rigorously and its accuracy
demonstrated by means of H2O-
D2O isotope exchange.

� The measurement of BW consti-
tutes a surrogate parameter for
bone porosity that cannot be mea-
sured noninvasively with other
techniques.

Implications for Patient Care

� BW concentration constitutes a
new parameter for characterizing
bone quality.

� Pilot data suggest BW to be a
more sensitive discriminator than
bone mineral density.

� The method can be implemented
with most modern MR imagers.

EXPERIMENTAL STUDIES: Bone Water Measurement with MR Imaging Techawiboonwong et al
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In Vivo Studies
A prospective pilot study was conducted
to estimate the sensitivity of the method
to differentiate subjects of different age
and disease state. The study was ap-
proved by the University of Pennsylva-
nia’s Institutional Review Board and was
performed in accordance with all appli-
cable guidelines. A group of healthy pre-
menopausal women (age range, 20–40
years) and a group of healthy postmeno-
pausal women (age range, 60–80 years)
(n � 5 in each group) were enrolled.
Health and menopausal status were de-
termined on the basis of a question-
naire. In addition, a group of women
(age range, 40–60 years; n � 6; two
premenopausal patients) with renal
osteodystrophy (ROD) receiving dialy-
sis in an ongoing study were examined.
Only women were included to eliminate
sex-specific differences in BW.

MR Imaging
All MR imaging studies were performed
with a 3.0-T whole-body system (Trio;
Siemens, Erlangen, Germany) with two-
dimensional (2D) and three-dimensional
(3D) ultrashort echo-time radial pulse se-
quences described in Techawiboonwong
et al (14). In brief, spins were excited
with a 560-�sec dual-sidelobe half-sinc
pulse (18) (2D sequence) or with a 100-
�sec rectangular pulse followed by a time-
incremented section-encoding gradient
(3D sequence). The latter approach en-
sures minimum echo time for all encoding
steps (19). To enhance visualization of the
proton signal from bone, the dominant
soft-tissue signals were suppressed by us-
ing two 5-msec T2-selective radiofre-
quency excitation pulses centered at the
methylene lipid and water resonance fre-
quencies (20,21).

Specimen imaging.—The sheep and
human specimens were imaged in air
with the 2D ultrashort echo-time se-

quence after they were blotted dry (to
remove surface water) and placed in a
closed plastic container by using a 6.5 �
5.5-cm home-built birdcage coil. Imag-
ing parameters for the sheep specimens
were as follows: echo time, 130 �sec;
repetition time, 500 msec; flip angle,
90°; readout bandwidth, 560 Hz/pixel;
field of view, 128 � 128 mm; section
thickness, 10 mm; reconstruction ma-
trix, 256 � 256; nominal voxel size,
0.5 � 0.5 � 10 mm. Imaging parame-
ters for the human specimens were as
follows: echo time, 70 �sec; repetition
time, 70 msec; flip angle, 41°; readout
bandwidth, 230 Hz/pixel; field of view,
100 � 100 mm; section thickness, 5
mm; reconstruction matrix, 512 � 512;
nominal voxel size, 0.2 � 0.2 � 5 mm.
Sixteen hundred views covering 2� ra-
dians were acquired in a total imaging
time of 27 minutes for sheep speci-
mens and 4 minutes for human speci-
mens. The validation experiment re-
sults in sheep bone specimens that
preceded experiments in the human
bone specimens indicated that the
achieved signal-to-noise ratio allowed
increased resolution and shortened
imaging time for measurement in hu-
man bone, hence the differences in the
imaging parameters.

For both types of specimens, appar-
ent bone volume (defined here as the
volume comprising both bone tissue and
pore volume) was determined on 3D
spin-echo images of the specimens im-
mersed in saline solution (echo time, 13
msec; repetition time, 1 second; read-
out bandwidth, 178 Hz/pixel; field of
view, 128 � 38 mm; section thickness,
0.5 mm; 80 sections; echo train length,
15; matrix size, 512 � 152; nominal
voxel size, 0.25 � 0.25 � 0.5 mm).
Within the chosen conditions, bone ap-
pears with background signal intensity,
and the images could therefore be bina-

rized by setting a segmentation thresh-
old at the midpoint of the bimodal in-
tensity histogram as described previ-
ously (22).

T2* and T1 relaxation times were
required to calculate BW concentra-
tions. In the sheep specimens, T2* was
derived from projections, rather than
entire images, to minimize imaging
time. In the human specimens, T2* was
quantified by acquiring 2D radial im-
ages. For both sets of experiments,
echo time was stepped through a series
of values (0.1, 0.15, 0.2, 0.3, 0.4, 0.5,
0.7, 0.9, and 1.2 msec). The image or
projection signal intensity was then fit
as a function of echo time to an expo-
nential decay.

BW T1 was measured by using a
saturation-recovery 2D radial sequence
with recovery time of 30, 100, 200, 400,
700, 1000, and 1200 msec; a nominal
flip angle of 90°; repetition time, 1500
msec; and echo time, 0.1 msec. A
three-parameter curve fit of the signal
versus recovery time (or TI) to a func-
tion S(TI) � S0[1 � (k � 1)e�R1TI] was
performed from which R1 � 1/T1 was
extracted. Here, S0 is the signal mea-
sured for recovery time, or TI, much
greater than T1, and the factor k repre-
sents the residual fraction of the lon-
gitudinal magnetization after a nomi-
nal 90° pulse in the regime where the
pulse duration becomes comparable
to T2*. (For details, see Sussman
et al [21].)

In vivo human imaging.—In vivo im-
ages were obtained in the right tibial
midshaft with an eight-element trans-
mit-and-receive knee array (Invivo, Pe-
waukee, Wis). First, gradient-echo im-
ages from 10 contiguous transverse sec-
tions were acquired (echo time, 3.69
msec; flip angle, 41°; readout band-
width, 350 Hz/pixel; field of view, 300 �
300 mm; section thickness, 8 mm; ac-

Figure 1

Figure 1: Transverse ultrashort echo-time MR images of sheep tibia specimens obtained after partial exchange in isotopic mixtures of water, with varying D2O frac-
tional volume. Percentage values represent H2O volume fraction, H2O/(H2O � D2O), of the immersion fluid. A � specimen A, B � specimen B.
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quisition matrix, 512 � 512; imaging
time, 1 minute). From these images, the
section at the location of maximal corti-
cal thickness was selected as described
in Wehrli et al (23), and radial images
were acquired (echo time, 60 �sec [2D
sequence] and 110–230 �sec [3D se-
quence]; repetition time, 70 msec; flip
angle, 41°; readout bandwidth, 700 Hz/
pixel; field of view, 300 � 300 mm; sec-
tion thickness, 8 mm; reconstruction
matrix, 1024 � 1024; nominal voxel
size, 0.3 � 0.3 � 8 mm; number of
views over 2� radians 550 with number
of signals acquired at seven [2D se-
quence] and 256 with a single signal
acquired and 30 section encodings [3D
sequence] in 9 minutes imaging time).

Image reconstruction.—All radial
data were regridded (24) and recon-
structed with standard 2D Fourier
transformation by using Interactive
Data Language (Research Systems,
Boulder, Colo). Data fitting to estimate
T1 and T2* values was also performed
by using customized programs written
in Interactive Data Language.

Measurement of BW Concentration
BW was quantified with the aid of an ex-
ternal reference (10% H2O in D2O doped
with 27 mmol/L MnCl2, which yielded T1
of 3.5 msec and T2 of approximately 300
�sec). For in vivo imaging, the reference
sample was attached anteriorly to sub-
ject’s tibial midshaft. Because the soft-tis-
sue suppression pulses also partially satu-
rate short T2 signals, quantification was

performed on images acquired without
soft-tissue signal suppression (21). Signal
intensity was measured as the average
from pixels covering the area between
periosteal and endosteal boundaries de-
termined by manually tracing polygons,
with the exclusion of boundary pixels,
with ImageJ (National Institutes of
Health, Bethesda, Md).

The proton concentration of water in
bone was computed from the ratio of re-
gion-of-interest signal intensities encom-
passing the cortical bone and reference,
respectively, in a single section by using
Equation (1) (derived in the Appendix):

	bone � 	ref

IboneFref

IrefFbone
exp
��TE�R2*ref

� R2*bone)]. (1)

Here, 	bone and 	ref are the water
proton densities of bone and refer-
ence, respectively. Ibone and Iref are
the image intensities in bone and in
the reference, respectively. The factor
F represents a fraction of the available
magnetization when the duration of
the radiofrequency pulse, �, is compa-
rable to or longer than T2*, TE is echo
time, and R2* 
 1/T2* is the effective
transverse relaxation rate.

Isotope Exchange Experiment
As an independent measurement of
BW, the native water in the sheep bone
specimens was quantified by immersing
the bone in H2O-D2O mixtures of vary-
ing isotopic composition (0%, 25%,

50%, 75%, and 100% H2O volume frac-
tion) with approximately 1:25 bone-to-
fluid mixture volume ratio for 36 hours
at 55°C (to enhance the exchange rate
[16]). The time needed for complete
exchange was determined in prelimi-
nary experiments in which the bone was
exposed to increasing periods of immer-
sion in D2O until the image intensity
remained constant. The amount of H2O
in the bone was then calculated by using
Equation (2), which is based on the con-
servation of mass principle that the total
amounts of D2O and H2O before and
after exchange are unaltered:

VBW � cBW � Vsol � csol

� �VBW � Vsol� � ctotal. (2)

Here, VBW is the BW volume, cBW is
the H2O concentration of BW before
exchange (� 100%), Vsol is the mixture
volume, and csol and ctotal are the H2O
concentrations of the mixture before
and after the exchange, respectively.
After equilibration, the isotopic ratio of
the exchangeable water in the bone and
that in the immersion mixture should be
equal.

Total water concentration of the
human tibia specimens was quantified
by immersing the specimens in deuter-
ated water (99.8% deuteration) with
an approximate 1:12 volume ratio
(bone-to-deuterated water) for 72
hours at 55°C. To minimize any dis-
crepancy between the two measure-
ments that may arise from free water
in large macroscopic pores on the en-
dosteal surface, the specimens were
blow dried for 2–3 minutes prior to
immersion. One milliliter of the mix-
ture was collected before and after the
immersion of the bone specimens for
MR spectroscopic analysis described
below.

Water Quantification at MR Spectroscopy
Quantitative MR spectroscopy was per-
formed with a vertical-bore 9.4-T super-
conducting spectrometer system (DMX-
400; Bruker Instruments, Karlsruhe,
Germany) according to the protocol de-
scribed by Fernandez-Seara et al (22).
In brief, the amount of H2O in the mix-
ture was quantified by recording the in-

Figure 2

Figure 2: Graph of BW concen-
tration quantified from MR images
of sheep tibia specimens after
graded isotopic exchange with
D2O plotted against fractional H2O
content.
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tegral of the proton signal of the mixture
relative to that of a known reference.
The MR spectroscopy signal before and
after exchange yields the H2O concen-
trations csol and ctotal in Equation (2),
from which the total H2O volume in
bone is obtained:

VBW �
ctotal � csol

100 � ctotal
Vsol, (3)

and BW concentration (in percentages by
volume) equals (VBW/Vbone) � 100%,
where Vbone is the apparent bone volume,
which includes bone tissue and pore vol-
ume.

Measurement of BMD
Dual x-ray absorptiometry of the spine
and the hip.—Areal BMD (in grams
per square centimeter) of the antero-
posterior spine and hip were assessed
at dual x-ray absorptiometry with a

bone densitometer (Hologic; Delphi
Systems, Bedford, Mass). Lumbar ver-
tebrae 1 through 4 were measured in
the array mode. Spine areal BMD is
reported as the average value of the
four vertebrae, and hip areal BMD is
reported as the average of the left and
right hip, each of which is computed as
the average of femoral neck, trochan-
ter, and intertrochanteric regions.

Peripheral quantitative CT of the
tibia.—Volumetric cortical density, or
volumetric BMD (in grams per cubic
centimeter), of the tibia was measured
by using peripheral quantitative CT
(Stratec XCT 2000; Orthometrix, White
Plains, NY). First, tibia length was
measured from the medial malleolus
to the medial tibia condyle by using a
segmometer (Rosscraft, Blain, Wash).
A scout view was used to identify the
medial distal border of the tibia to
obtain a tomographic section at the

location corresponding to 38% of the
tibia length from the distal end (ie, site
of maximal cortical thickness)
(M.B.L., written communication, Jan-
uary 2008) at a section thickness of
2.3 mm and in-plane pixel size of 0.4
mm. Cortical density (in grams per
cubic centimeters) was calculated in
the software’s research mode by using
a threshold-driven mode with filtering,
with the threshold set at 711 mg/cm3.
Cortical thickness (in millimeters) at
this 38% location was also calculated
from the studies by using the ma-
chine’s software.

Statistical Analyses
All statistical analyses were per-
formed with software (JMPIN, version
5.1; SAS Institute, Cary, NC). To eval-
uate the hypothesized linearity be-
tween image-derived water concentra-
tion and exchanged water in the vali-

Figure 3

Figure 3: (a–c) Transverse ultrashort echo-time MR images of human specimens of the tibial midshaft from four donors. Specimens of left and right tibia are shown,
except in a, where the specimens represent two different donors (57-year-old woman and 64-year-old man). Circular structure superior to specimens is from reference
sample. Imaging time was 4 minutes and voxel size was 0.2 � 0.2 � 5 mm.

Table 1

BW Concentration Measured at Quantitative MR Imaging and Isotope-Exchange MR Spectroscopy in Human Cortical Bone Specimens

Method
Left Tibia Specimen
in 57-year-old Woman

Right Tibia Specimen
in 64-year-old Man

Left Tibia Specimen
in 70-year-old Man

Right Tibia Specimen
in 79-year-old Woman

Mean � Standard
Deviation

Quantitative MR imaging 35.6 37.5 37.6 40.0 37.7 � 1.8
Isotope exchange 37.2 38.6 36.6 37.8 37.5 � 0.9

Note.—Data are percentages by volume. BW concentrations obtained with the two methods were not significantly different (P � .9).
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dation experiments, the Pearson
correlation coefficient was computed.
For the in vivo studies, the significance
of the mean differences of parameters
between patient groups was deter-
mined with two-sided t tests. P less
than .05 was considered to indicate a
significant difference.

Results

Ex Vivo Imaging: Quantification of BW
Concentration
Figure 1 shows cross-sectional sheep
cortical bone images at five different

H2O concentrations of the H2O-D2O im-
mersion mixture. BW signal-to-noise
ratio ranged from approximately 45 in
its native state (100% H2O) to approxi-
mately 3.5 after complete exchange
(nominally 0% H2O). BW concentration
obtained at imaging is plotted in Figure 2
as a function of H2O concentration in
the H2O-D2O isotopic mixtures. Mea-
sured T1 and T2* at 100% H2O were
248 msec � 12 (standard deviation) and
480 �sec � 22, respectively. The data
show that at 100% D2O there is a small
residual signal in bone that is likely to
arise from nonexchangeable water or
nonwater proton resonances, similar to

earlier observations (16). Total BW
concentration was found to be 18.5%
and 18.8% by volume for specimens A
and B, respectively, which is in good
agreement with literature data (1,2).

Human Subject Studies
Radial MR images of the human spec-
imens are shown in Figure 3. High-
intensity signals arise from perios-
teum, residual fatty marrow, and in-
side the endosteal boundary region,
presumably due to free water in large
pores. T1 and T2* values of the detect-
able protons in bone were 398 msec �
7 and 576 �sec � 38, respectively.
Results from imaging and exchange ex-
periments are summarized in Table 1. A
paired two-tailed Student t test indicated
that measurements from imaging and
exchange experiments did not differ sig-
nificantly from one another (P � .9).

Transverse images of the tibial
midshaft obtained in three subjects
(one from each group) are shown
in Figure 4. In contrast to the signal
void observed with a conventional gra-
dient-echo image (A, D, and G in Fig-
ure 4), the ultrashort echo-time radial
MR images display elevated signal in-
tensity in solid bone, emphasized with
soft-tissue suppression (C, F, and I in
Figure 4). BW, BMD, and tibial corti-
cal thickness are listed in Table 2.

BW concentrations were within
the range of those found by other in-
vestigators by using drying techniques
(2,25,26). All BMD values at dual x-
ray absorptiometry were in the nor-
mal range, except in one subject in the
postmenopausal group who had a hip
BMD T score less than �2.5. BW con-
centrations of the pre- and postmeno-
pausal groups were 18.1% � 2.2 (2D se-
quence) and 17.4% � 2.2 (3D sequence)
and 30.3% � 2.0 (2D sequence) and
28.7% � 1.3 (3D sequence), respec-
tively, and those of the ROD group were
39.5% � 7.7 (2D sequence) and 41.1% �
9.6 (3D sequence). No significant differ-
ence was found between the 2D and 3D
BW measurements with a paired two-
tailed Student t test (P � .9, performed
with pooled data from all three subject
groups).

Figure 5 displays scatterplots of

Figure 4

Figure 4: Representative transverse MR images of tibial midshaft from each of the three groups studied,
with and without soft-tissue signal suppression. A, D, G, Gradient-echo (GRE) images. B, E, H, Radial ultra-
short echo-time images. C, F, I, Radial ultrashort echo-time images with soft-tissue suppression (suppr.).
Circular structure is the reference sample with T2 at approximately 300 �sec which, similar to bone, is visible
only on radial MR images. Images obtained in 40-year-old healthy subject (top row) display noticeably thicker
cortex than in 80-year-old subject (middle row) or in 52-year-old patient with ROD (bottom row). Images in
patient with ROD display effect of increased cortical bone porosity.
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BW and volumetric BMD obtained
from the three groups of women. In a
comparison among all groups, patients
with ROD (intermediate in age be-
tween pre- and postmenopausal sub-
jects) had higher BW than the pre-
menopausal group by 135% (P � .001)
and than the postmenopausal group by
43% (P � .02). These effects were
paralleled by differences of much
smaller magnitude (and opposite be-
havior) in BMD. For example, hip
areal BMD was higher by 38% in the
premenopausal than in the postmeno-
pausal group (P � .002), whereas
volumetric BMD measured at the
same tibial site as the BW measure-
ment differed by only 6% between the
pre- and postmenopausal groups (P �
.003); measurements in patients with
ROD did not differ significantly in
volumetric BMD from those of either
age group of healthy subjects. Cortical
thickness was lower in the postmeno-
pausal group by 25% (P � .05) and in
the ROD group by 28% (P � .01),
compared with the premenopausal
group, but cortical thickness was not
significantly different between the
older and the ROD group. The lack of
bone densitometry to differentiate
some of the groups may, of course, be
due to the study’s limited power.

Discussion

Results of this work demonstrate that
BW and, by inference, cortical porosity
(because the majority of BW is in the
spaces of the haversian and lacuno-
canalicular systems), can be measured
noninvasively in patients by using quan-
titative ultrashort echo-time MR imag-

ing. Most structural imaging of bone has
focused on trabecular bone, which re-
models faster than cortical bone and
therefore responds more quickly to
drug intervention. While most osteopo-
rotic fractures occur at sites rich in tra-
becular bone such as the distal radius,
vertebrae, and ribs, the most traumatic
fractures are those of the femoral neck,
which is characterized by a relatively
thick cortex that is known to become
porous with advancing age, and more
so, in osteoporosis (27).

The results of our pilot study sug-
gest BW to be a more sensitive patient
group differentiator than volumetric
bone density. For example, BW concen-
tration in the postmenopausal group
was 65% larger than that in the pre-
menopausal group (P � .001). In con-
trast, volumetric density, measured at
the same site, was only 6% lower in
postmenopausal women. Particularly
dramatic is the large increase of BW in
patients with ROD, whose cortical BW
concentration was 135% higher than
that of the premenopausal group (P �
.001) and 43% higher than that of the
postmenopausal reference group (P �
.02). Hence, even though the subject
numbers in this pilot study were small,
highly significant group differences in
BW were observed.

While BMD has been shown to de-
crease with increasing age (10,28,29),
less is known about the changes in BW
with age. Results of a few reports in-
volving measurements in cadaveric
bone by using destructive techniques
suggest that BW increases with age
(8,26). Yeni et al (26) found that the
age-related decrease in fracture tough-
ness correlated with a decrease in ap-

parent density, which in turn was par-
alleled by an increase in water concen-
tration and porosity. The authors
therefore suggested that the water in
the cavities of the bone could be consid-
ered “an indicator of porosity.”

Apparent BMD (ie, BMD either
areal or volumetric, measured at dual
x-ray absorptiometry or at quantitative
CT, respectively) is a function of both
the amount of bone tissue contained in
the total (ie, “apparent”) bone volume,
which is the sum of bone tissue and pore
volume, and its degree of mineralization
of bone (defined as mineral per unit vol-
ume of bone tissue, also referred to as
the true mineral density). Degree of
mineralization of bone can only be mea-
sured ex vivo by using microradiogra-
phy (30) or backscattered electron im-
aging (31). During the bone-formation
process, mineral is deposited onto the
osteoid, replacing the space previously
occupied by water, therefore leading to
the reciprocal relationship of the two
constituents (1). This relationship has
been observed by Fernandez-Seara et al
(22) in osteomalacic rabbits where bone
tissue volume was preserved but the tis-
sue was undermineralized (low degree
of mineralization of bone).

More commonly, however, bone tis-
sue remains normally mineralized while
becoming more porous (eg, secondary
to aging) (26,32). This effect leads to a
lower amount of bone tissue per unit of
overall apparent bone volume; thus,
BMD decreases even though degree of
mineralization of bone remains unal-
tered. Because the microscopic pores
are filled with water, the lower BMD is
associated with higher BW. In ROD, re-
sults of recent work (33) in rats suggest

Table 2

In Vivo Measurements of Tibial Cortical BW Concentration, Areal BMD of Spine and Hip, and Volumetric BMD and Cortical Thickness of
Tibia in Three Groups

Group Age (y)
BW (%)* Areal BMD (g/cm2) Volumetric BMD of

Tibia (g/cm3)
Cortical Thickness of
Tibia (mm)2D Sequence 3D Sequence Spine Hip

Premenopausal (20–40 years) 34.6 � 5.3 18.1 � 2.2 17.4 � 2.2 1.145 � 0.078 1.047 � 0.097 1.191 � 0.018 5.72 � 0.92
Postmenopausal (60–80 years) 69.4 � 6.6 30.3 � 2.0 28.7 � 1.3 0.902 � 0.087 0.750 � 0.111 1.122 � 0.033 4.30 � 0.72
Patients with ROD (40–60 years) 51.8 � 6.5 39.5 � 7.7 41.1 � 9.6 0.919 � 0.115 0.734 � 0.068 1.138 � 0.073 4.11 � 0.72

Note.—Data are means � standard deviations.

* Percentage by volume.
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the bone to be characterized by extreme
porosity. Similarly, the presence of in-
tracortical signal intensity even on con-
ventional spin-echo images in patients
receiving maintenance dialysis (23) sug-
gests the bone in chronic kidney disease
to be abnormally porous as found in the
present work.

Measurement of BW concentra-
tion, even ex vivo, is difficult and in
the small body of data in the litera-
ture, investigators have relied entirely
on measuring the weight change upon
drying of the bone (2). In the present
work, we have validated the imaging-
based measurements with a deute-
rium isotope–exchange technique that
involves exchange of native BW with
deuterium oxide, followed by proton
spectroscopic evaluation of the dis-
placed light water (16). High linearity
was achieved between the radial image
signal intensity and exchanged water
(r2 � 0.99, P � .001).

In summary, our data suggest that
BW concentration, and thus poten-
tially porosity, can be measured in
vivo. The method does not require
resolution of individual pores (which
are below the resolution limit of all
current in vivo imaging modalities);
rather, it quantifies pore water on the
basis of its unique MR properties. It is
therefore not sensitive to partial vol-
ume effects and can be practiced at
relatively low spatial resolution as long
as boundary pixels are excluded from
the analysis. A small fraction of the

signal cannot be attributed to ex-
changeable BW as indicated by the re-
sidual signal after full exchange was
attained. The origin of this residual
signal is not known currently and re-
quires further investigation. At
present, it can only be concluded that
these protons are in a motional envi-
ronment fast enough to yield a detect-
able signal at the echo times at which
the experiments were conducted. This
excludes collagen backbone protons,
which have transverse relaxation
times less than 20 �sec (34) and would
therefore be undetectable. (See also
reference 22 and references cited.)
Other potential candidates include
collagen-bound water in the interior of
the collagen’s triple helix (3) or mobile
side chains of protein constituents
with sufficient segmental motion to
yield effective transverse relaxation
times on the order of 100 �sec or
longer. Thus, even though a small por-
tion of the overall signal measured at
radial MR imaging is not due to ex-
changeable water, we still included it in
our BW calculation; hence, we are likely
to have slightly overestimated the total
BW concentration. The concentration
of these as of yet unidentified protons is
likely to scale with matrix volume (ie, its
relative fraction would decrease with
decreasing matrix volume).

BW concentrations of the human
specimens measured with MR imaging
and exchange were not significantly
different. However, T1 of the human

specimens was longer than those of
the sheep specimens (400 vs 250
msec). We attribute the difference to
the greater porosity of the human
specimens from the relatively old do-
nors (subject age at death, 67 years �
9), which resulted in greater mobility
of water molecules. Water in smaller
pores (in younger bone) possesses
shorter T1 than that in larger pores (in
older bone) because smaller pores
have larger surface-to-volume ratio,
therefore being more affected by sur-
face relaxivity (35). T2*, on the other
hand, seems to be relatively constant.
We hypothesize that, unlike at very
low field strength, the T2* mechanism
of BW at 3.0 T is primarily dictated by
susceptibility gradients created at the
bone-and-water interface because
bone is more diamagnetic than water
by about 2.5 ppm (in Système Interna-
tional units) (12). Support for such a
mechanism is provided by the field
strength dependence of T2*. At 1.5 T,
Reichert et al reported T2* of 420–
500 �sec in the tibia (36), whereas at
9.4 T, line width-derived measurements
in rabbit cortical bone of the femur
yielded values of about 200 �sec (37).

There are a number of potential
complications with in vivo quantification
of BW. While the use of an external
reference sample is practical for mea-
surements at relatively superficial loca-
tions such as the distal tibia because the
radiofrequency field does not vary ap-
preciably across the imaging volume,
such an approach is more difficult to
realize at deep-lying locations such as
the femoral neck. First, radiofrequency
inhomogeneity (resulting, for example,
from standing wave effects) and depth-
dependent receive-coil sensitivity would
require more extensive calibration. Al-
ternatively, a reference signal could be
derived from adjoining muscle tissue,
serving as an internal standard, which
then could be calibrated against a refer-
ence of known composition. Another
potential difficulty is the sensitivity of
the derived BW concentration on the
relaxation parameters. As pointed out,
T2* appears to be relatively invariant
whereas T1 can be elongated for highly
porous bone, which would therefore ne-

Figure 5

Figure 5: Scatterplots show differences between groups for (a) BW and (b) volumetric BMD (vBMD). Data
indicate lower BW and higher volumetric BMD in the younger age group. Note abnormally high BW concen-
tration in patients with ROD.
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cessitate measurement on an individual
basis. For reasons not currently under-
stood, T1 of BW is far shorter than that
of most soft-tissue water. Therefore, a
rapid T1 mapping technique could be
appended without significantly prolong-
ing the imaging protocol.

Last, while the initial results re-
ported here are promising, more ex-
tensive evaluation will be needed in
larger patient studies and in other an-
atomic sites such as the femoral neck
to determine the method’s clinical po-
tential. Questions of particular clinical
interest are whether BW concentra-
tion will be associated with fracture
risk and whether this parameter is
modifiable with drug intervention,
such as antiresorptive or anabolic
treatment.

Practical applications: The re-
sults of our method for quantifying
BW in specimens and in live human
subjects suggest that ultrashort echo-
time MR imaging may allow routine
quantification of cortical bone porosity
as a new metric of bone quality in
patients with metabolic bone disease.

Appendix

In a regime where the duration of the
radiofrequency pulse, �, is comparable
to or longer than T2, the simple Bloch
equation solutions for the transverse
magnetization that assume negligible re-
laxation during the radiofrequency
pulse are no longer valid (see, for exam-
ple, reference 20) in that a radiofre-
quency pulse nutates only a fraction of
the available magnetization (Mxy(0

�) �
Mz(0

�)sin�, while for the residual lon-
gitudinal magnetization Mz(0

�) �
Mz(0

�)cos�) holds, where � is the nom-
inal flip angle. Hence, the signal at echo
time can be written as:

Mxy�TE�

� C � 	0 � fxy �
�1 � e�TR/T1�

�1 � fz � e�TR/T1�
� e�TE/T2*

� C � 	0 � Fe�TE/T2*, (A1)

where C is a constant and 	0 is the pro-

ton concentration. The quantities fz and
fxy are functions of the ratio (�/T2*), TR
is repetition time, and � � ��1�, given
as (21,38):

fxy � ie�� /2T2*�B1�

� sinc
���B1��2 � ��/2T2*�2�, (A2a)

and

fz � e�� / 2T2*�cos
���B1��2 � ��/2T2*�2�

� �/2T2*sinc
���B1��2 � ��/2T2*�2��.

(A2b)

It is readily seen that in the limit
where � is much less than T2*, the quan-
tities fz and fxy revert to cos� and sin�.
We then obtain the proton concentra-
tion in bone, 	bone, as:

	bone � 	ref

IboneFref

IrefFbone
exp
�TE(R2*ref

� R2*bone�], (A3)

where Ibone and Iref are image intensities
of the bone and the reference, respec-
tively. The quantity 	ref is the known
proton concentration of the reference
and R2* 
 1/T2*.
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