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We describe the use of two-dimensional ultrashort echo time (2D UTE) sequences with minimum TEs of
8 ls to image and quantify cortical bone on a clinical 3T scanner. An adiabatic inversion pulse was used
for long T2 water and fat signal suppression. Adiabatic inversion prepared UTE acquisitions with varying
TEs were used for T�2 measurement. Saturation recovery UTE acquisitions were used for T1 measurement.
Bone water concentration was measured with the aid of an external reference phantom. UTE techniques
were evaluated on cadaveric specimens and healthy volunteers. A signal-to-noise ratio of around 30, con-
trast-to-noise ratio of around 27/20 between bone and muscle/fat were achieved in tibia in vivo with a
nominal voxel size of 0.23 � 0.23 � 6.0 mm3 in a scan time of 5 min. A mean T1 of 223 ± 11 ms and mean
T�2 of 390 ± 19 ls were found. Mean bone water concentrations of 23.3 ± 1.6% with UTE and 21.7 ± 1.3%
with adiabatic inversion prepared UTE sequences were found in tibia in five normal volunteers. The
results show that in vivo qualitative and quantitative evaluation of cortical bone is feasible with 2D
UTE sequences.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Conventional magnetic resonance imaging (MRI) pulse sequences
with echo times (TEs) of 1 ms or greater provide little or no detectable
signal from cortical bone which has an extremely short T�2 of
around 300–500 ls [1,2]. By using half-sinc radiofrequency (RF)
pulses, or short hard pulses, radial or spiral mapping of k-space
and other techniques, nominal TEs of less than 200 ls can be
achieved [1–7]. These two-dimensional (2D) and 3D ultrashort TE
(UTE) sequences make it possible to detect signal from cortical
bone and directly image and quantify T1, T�2 and water concentration
of this tissue.

Although bone signal is detectable with UTE sequences, positive
visualization of bone for qualitative purposes is limited by the
presence of high signals from long T2 water and fat. To reduce
the signals from these tissues a typical approach is to use one or
two saturation pulses (usually SINC or Gaussian pulses) followed
by dephasing gradients [8–10]. However, both SINC and Gaussian
pulses are sensitive to B1 inhomogeneity. As a consequence the
residual long T2 water and especially fat signals may be similar
to or even higher than those from cortical bone [11,12], thereby
compromising bone contrast. An alternative is to use adiabatic
pulses which are relatively insensitive to B1 inhomogeneity [13],
ll rights reserved.
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and have been employed for long T2 signal suppression using
two UTE acquisitions: one with, and the other without adiabatic
inversion recovery (IR) preparation [14]. Addition of the two UTE
data sets can then be used to selectively suppress long T2 signals.
However, a scaling factor is needed to compensate for T1 effects
and ensure that the inverted long T2 magnetization approximates
the noninverted magnetization in order to achieve complete long
T2 signal cancellation. This procedure is complicated further if
there are multiple long T2 species with different T1 components.

There are also significant problems in quantitative evaluation of
cortical bone using UTE sequences. 3D UTE sequences are time
consuming and thus problematic for T1 and T�2 quantification
in vivo. 2D UTE sequences are subject to eddy currents leading to
a broadened slice profile [3]. The excitation of out-of-slice long T2

water and fat may significantly distort the exponential T�2 decay
curve, resulting in inaccurate T�2 estimation [3,15]. T1 measurement
using the saturation recovery technique has been reported [1,2,12],
however, the long quantification times may limit its clinical use
[12]. UTE provides a non-invasive way of evaluating bone water
concentration through comparison of the MR signal from bone
with that of an external phantom [2,12], however, this estimation
requires reliable, fast and patient-specific T1 and T�2 measurements.
Errors in these estimations propagate to bone water quantification.

In this paper the problems of qualitative visualization and
quantification of cortical bone in the clinical context are addressed
using different approaches including basic UTE sequences with TEs
as low as 8 ls, adiabatic IR prepared UTE sequences (IR-UTE), and
saturation recovery UTE sequences.

http://dx.doi.org/10.1016/j.jmr.2010.09.013
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2. Materials and methods

2.1. Pulse sequence

A 2D UTE sequence (Fig. 1a) was implemented on a 3T Signa
TwinSpeed scanner (GE Healthcare Technologies, Milwaukee, WI)
with gradient capabilities of 150 T/m/s slew rate and 40 mT/m
amplitude on each axis. The sequence employed a half-sinc RF
pulse (duration = 472 ls, bandwidth = 2.7 kHz), which together
with variable rate selective excitation (VERSE) [17], radial ramp
sampling and fast transmit/receive switching reduced the nominal
TE to 8 ls [18–20]. Bipolar slice selective gradients and readout
gradients were employed to help control eddy currents. Eddy cur-
rents from the paired positive and negative gradients add destruc-
tively, reducing the effective eddy currents. The half RF pulse was
applied during the second half of the bipolar slice selection gradi-
ent. No signal excitation occurs during the first half of the bipolar
gradient, which only helps with eddy currents control. Bipolar
readout gradients were used to reduce long term eddy currents ef-
fects which may influence the signal of the next TR. The basic 2D
UTE sequence was then modified by adding an adiabatic inversion
pulse for long T2 signal suppression, variable TE delays for T�2 mea-
surement, and a hard 90� pulse for T1 measurement. Bone water
was quantified with the aid of an external reference phantom.
The technical details for each approach are discussed below.
2.2. Long T2 signal suppression

Cortical bone contains about 15–20% free water by volume [16],
and has a mobile proton density far below those of muscle (�70%)
and fat (�90%). This usually results in higher signals from these
tissues. In qualitative studies it is of considerable value to suppress
the high signals from long T2 water and fat in order to increase the
conspicuity of bone. To do this an adiabatic fast passage (Silver–
Hoult) inversion pulse (duration = 8.6 ms, bandwidth = 1.4 kHz)
centered at �220 Hz was used to invert the long T2 water and fat
magnetization. The 2D UTE acquisition was then begun at a delay
time (TI) designed to allow the inverted long T2 water and fat mag-
netization to closely approach the null point, as shown in Fig. 1b.
This type of simultaneous reduction in long T2 water (such as mus-
cle) and fat signals is complicated by the significant difference in T1

between muscle (�1400 ms) and fat (�360 ms) at 3T [21]. Because
of this the inverted longitudinal magnetization of muscle and fat
do not reach the null point simultaneously. To study this problem
further simulation of the recovery of long T2 muscle and fat mag-
netization after a single adiabatic IR pulse was performed using
the following equation:
Fig. 1. The 2D UTE sequence. This employs half RF pulse excitations and radial ramp sam
adiabatic inversion pulse and approximate signal nulling. 2D UTE data acquisition starts
This creates high contrast for cortical bone (B).
MIR � M0 � ð1—2� e�TI=T1 þ e�TR=T1 Þ ð1Þ
2.3. T�2 measurement

The T�2 of cortical bone has been measured with UTE acquisi-
tions at progressively increasing TEs [1,2,12]. However, the in-
crease in TE results in different effects from time varying eddy
currents, including alterations to the slice profile and different de-
grees of long T2 signal contamination [3]. As a result, significant er-
rors in T�2 quantification may be introduced [15]. Efficient long T2

signal suppression with adiabatic inversion and nulling may signif-
icantly reduce out-of-slice long T2 signal contamination of this type
[18]. To assess this problem UTE and IR-UTE acquisitions with pro-
gressively increasing TEs were compared for measuring the T�2 of
the mid-diaphyseal tibia of a cadaveric lower leg specimen using
the protocols shown in Table 1. Protocol I used basic UTE acquisi-
tions (total scan time of 21 min), and protocol II used IR-UTE acqui-
sitions with fewer projections (total scan time of 10 min). The
single exponential signal decay model shown below was used to
fit T�2:

SðTEÞ ¼ S0 � e�TE=T�2 þ C ð2Þ

where C accounts for background noise, including pseudo-noise
associated with undersampled UTE data acquisitions.

2.4. T1 measurement

Quantification of T1 of cortical bone requires the use of UTE se-
quences because of the tissue’s short T2. Here a non-selective 90�
square pulse with a duration of 256 ls (which is limited by the
RF system) was followed by a large crusher gradient to saturate
signals from both long and short T2 species. UTE acquisitions with
progressively increasing saturation recovery times (TSRs) were
then used to detect the recovery of cortical bone longitudinal mag-
netization. Typically a long TR is used for saturation recovery UTE
T1 quantification as shown in protocol I [12]. However, this ap-
proach is very time consuming and impractical for clinical applica-
tions. To reduce the total quantification time, a short TR together
with a highly undersampled UTE acquisition was used as shown
in protocol II. The two protocols were compared for T1 measure-
ment of mid-diaphyseal tibia in a cadaveric lower leg specimen.
The simple exponential signal recovery model shown below was
used to fit T1 [8]:

SðTSRÞ ¼ S0 � ½1� ð1� kÞ � e�TSR=T1 � þ C ð3Þ

where k accounts for the residual fraction of the longitudinal mag-
netization of cortical bone after a nominal 90� pulse.
pling to reduce the nominal TE to 8 ls (A). Long T2 suppression is achieved with an
when the inverted long T2 water and fat magnetization approaches the null point.



Table 1
Protocols for measuring T1 and T�2 of cortical bone.

Protocol I Protocol II

T1 measurement T�2 measurement T1 measurement T�2 measurement

TSR (ms) TR (ms) Readout � projection TE (ls) Readout � projection TSR (ms) TR (ms) Readout � projection TE (ls) Readout � projection

10 1500 512 � 511 8 512 � 511 10 18 512 � 255 8 512 � 255
50 1500 512 � 511 200 512 � 511 50 58 512 � 255 200 512 � 255

100 1500 512 � 511 800 512 � 511 100 108 512 � 255 800 512 � 255
200 1500 512 � 511 1500 512 � 511 200 208 512 � 255 1500 512 � 255
400 1500 512 � 511 TR = 300 ms 400 408 512 � 255 TR = 300 ms
800 1500 512 � 511 800 808 512 � 255 TI = 120 ms

Scan time: 154 min Scan time: 21 min San time: 14 min Scan time: 10 min
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2.5. Bone water measurement

Accurate estimation of bone water requires consideration of
relaxation, coil sensitivity and slice profile effects. When the dura-
tion of half RF pulses is of the order of T�2, the transverse magneti-
zation for a steady-state UTE acquisition can be written as [2,8]:

lxy / fxyðb1ðtÞ; T1; T
�
2Þ �

ð1� e�TR=T1 Þ
ð1� fzðb1ðtÞ; T1; T

�
2Þ � e�TR=T1 Þ

� e�TE=T�2 ð4Þ

where fxy and fz describe the behavior of the transverse magnetiza-
tion and longitudinal magnetization, respectively, as a function of
half pulse b1(t) as well as the transverse (T�2) and longitudinal (T1)
relaxation times of cortical bone.

The bone water concentration (BWC) can be calculated as
follows:

BWC ¼ Ibone

Iref
� f ref

xy

f bone
xy
� ð1� e�TR=T1;ref Þ
ð1� e�TR=T1;bone Þ

� ð1� f bone
z � e�TR=T1;boneÞ

ð1� f ref
z � e�TR=T1;ref Þ

� e�TE=T2;ref

e�TE=T2;bone
�

gref

gbone
� Cref

Cbone
� RWC ð5Þ

where RWC is the water concentration of reference phantom, Ibone

and Iref are the corresponding image intensities, gbone and gref are
the corresponding coil sensitivities, and Cbone and Cref are correc-
tion factors for out-of-slice excitation.

The external reference was a mixture of distilled water (20%)
and D2O (80%) doped with 22 mM MnCl2 [12]. The high concentra-
tion of MnCl2 reduced T�2 to around 400 ls and T1 to around 5 ms. A
quadrature knee birdcage coil was used for bone water quantifica-
tion due to its superior uniformity compared with most surface or
phased-array coils. The reference tube was placed close to the mid-
shaft of the tibia, with both close to the coil iso-center. As a result
gbone approximates gref. If we ignore the difference in out-of-slice
signal contamination for cortical bone and the reference phantom
(i.e., Cbone approximates Cref), and note that TR is much longer than
T1,ref and that TE is much shorter than T�2;ref and T�2;bone, Eq. (6) for
bone water concentration can be simplified as follows:

BWCUTE � Ibone
Iref
� f ref

xy

f bone
xy
� ð1�e

�TR=T1;ref Þ
ð1�e�TR=T1;bone Þ

� ð1�f bone
z �e�TR=T1;bone Þ

ð1�f ref
z �e

�TR=T1;ref Þ
� e

�TE=T�
2;ref

e
�TE=T�

2;bone
� RWC

� Ibone
Iref
� ð1�f bone

z �e�TR=T1;bone Þ
ð1�e�TR=T1;bone Þ

� RWC

ð6Þ

However, out-of-slice signals from muscle and fat may be in-
cluded and artifactually increase the measured bone water concen-
tration. In this study we employed an adiabatic IR pulse to
suppress signals from muscle and fat. As a result, Cbone approxi-
mated Cref. Assuming that the bone signal is attenuated by a factor
of P, and introducing Q = 1 � P, we can calculate bone water using
the following equation (details in Appendix A):
BWCIR�UTE �
Ibone

Iref
� 1� Q bone � fz � e�TR=T1;bone

1þ ðQ bone � 1Þ � e�TI=T1;bone � Q bone � e�TR=T1;bone

� RWC ð7Þ

Q is a function of T1 and T�2. It can be derived from Bloch equation
simulation once the T1 and T�2 of cortical bone have been measured
[14].

3. Imaging experiments

3.1. Cadaveric specimen study

The IR-UTE sequence was first applied to the mid-diaphyseal
tibia of a human lower leg specimen (with soft tissue intact) for
bone contrast optimization. The following imaging parameters
were used: FOV = 10 cm, slice thickness = 6 mm, bandwidth =
125 kHz, flip angle = 60�, TR = 300 ms, TE = 8/4400 ls (the second
echo was acquired to show the effect of long T2 signal suppression),
reconstruction matrix size = 512 � 512, number of half projec-
tions = 899, single slice, four dummy scans to establish equilib-
rium, total scan time = 9 min. Five different TIs (80, 100, 120, 140
and 160 ms) were used. The optimal TR/TI combination was then
used to image the mid-diaphyseal radius and ulna of a cadaveric
forearm specimen. Clinical 2D gradient echo (GE) and fast spin
echo (FSE) sequences with similar spatial resolution were used
for comparison. T1 and T�2 quantification were performed on the
tibial specimen using the two protocols shown in Table 1. A 3-in.
surface coil (receive only) was used for imaging the tibial cortical
specimen (the body coil was used for signal excitation). A birdcage
transmit/receive coil was used for imaging the radial and ulna cor-
tical specimen.

3.2. In vivo volunteer study

The 2D UTE sequences were also used to image and quantify
T�2, T1 and water concentration of the mid-diaphyseal tibia in
five healthy volunteers (all males, ranging in age from 24 to
35 years, average age of 29). Written informed consent ap-
proved by our Institutional Review Board was obtained prior
to their participation in this study. Imaging parameters were
similar to those used in the cadaveric study, except for a larger
FOV of 12 cm, fewer projections (number of projections = 511)
and shorter scan time (5 min as compared to 9 min). The fast
protocol II shown in Table 1 was used for T�2 and T1 measure-
ments. The 3-in. coil was used for bone morphological imaging
as well as T�2 and T1 quantification. The quadrature knee trans-
mit/receive coil was used for bone water quantification, with
the FOV increased to 21 cm, readout reduced to 256 samples
and sampling frequency bandwidth increased to ±125 kHz. Clin-
ical 2D GE and FSE sequences with similar spatial resolution
were performed for comparison.



Fig. 2. Simulation of the sum of residual signals from muscle (T1 = 1400 ms) and fat
(T1 = 350 ms) as a function of inversion time (TI) and repetition time (TR).
Appropriate combinations of TR and TI provide greater than 85% long T2 muscle
and fat signal suppression.
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3.3. Data analysis

Signal-to-noise ratios (SNRs) and contrast-to-noise ratios (CNRs)
were used to evaluate the efficiency of the UTE sequences. SNRs were
calculated as the ratio of the mean signal intensity inside a user-
drawn region of interest (ROI) to the standard deviation of the back-
ground noise. CNRs between cortical bone and muscle and fat were
calculated as their signal difference over the background noise. T�2
and T1 values were obtained using a Levenberg–Marquardt fitting
algorithm based on Eqs. (2) and (3). Bone water concentration was
quantified based on Eq. (7) for UTE and Eq. (8) for IR-UTE acquisi-
tions. Five different ROIs placed within the tibial cortex were used
to determine the standard deviation of measurements.
4. Results

4.1. Simulation

The efficiency of simultaneous suppression of fat and muscle
depends on the choice of TR and TI in IR-UTE imaging, as
Fig. 3. Images of a mid-diaphyseal tibia specimen acquired with the IR-UTE sequence wi
F), 100 ms (B and G), 120 ms (C and H), 140 ms (D and I) and 160 ms (E and J). The sec
reflecting long T2 signal suppression effectiveness.
demonstrated in Fig. 2. The sum of the residual signals from muscle
and fat can be reduced by more than 85% through appropriate
combinations of TR and TI. The short T2 magnetization is also
affected by the adiabatic IR pulse. Bloch equation simulation showed
that the adiabatic IR pulse resulted in about 55% signal reduction
for cortical bone (T1 � 220 ms, T�2 � 400 ls) with a TR of 300 ms
and TI of 120 ms, showing that the adiabatic IR-UTE approach is
a low signal but high contrast technique. Bloch equation
simulation also showed a value of around 0.67 for fz and 0.11 for
Q which were used for subsequent calculations of bone water
concentration.
4.2. Cadaveric specimen study

Axial 2D IR-UTE images of the mid-diaphyseal tibia are shown
in Fig. 3, which demonstrates that the effectiveness of long T2 sup-
pression depends on the choice of TR and TI. Table 2 shows mea-
sured SNRs as well as CNRs between bone and fat (CNRB_F) and
CNRs between bone and muscle (CNRB_M) for different TR and TI
combinations. SNR values ranging from 24 to 35 and CNRB_M rang-
ing from 17 to 29 were achieved with TIs ranging from 80 to
160 ms. CNRB_F was high for TIs in the range of 100 to 140 ms with
a peak at 120 ms. A TR of 300 ms and TI of 120 ms were used for
subsequent studies.

Transverse images of the radius and ulna from a cadaveric fore-
arm are displayed in Fig. 4. The clinical 2D FSE image (Fig. 4A) pro-
vides near zero signal from the radius, ulna and tendons. In
contrast, the 2D IR-UTE image (Fig. 4B) provided a high SNR of
44 ± 4 for cortical bone, a high CNR of 36 ± 2 between bone and
muscle, and a high CNR of 28 ± 2 between bone and marrow fat
with a nominal spatial resolution of 0.2 � 0.2 � 6 mm3 and a total
scan time of 9 min.

Fig. 5 shows quantitative evaluation of T�2 and T1 for the mid-
diaphyseal tibia of a cadaveric lower leg specimen. There was
significant distortion in the exponential T�2 curve using regular
UTE acquisitions, where a T�2 of 1116 ± 643 ls was found with
high standard error and low fitting confidence (R2 = 0.919). In
contrast, the IR-UTE approach provided excellent exponential
curve fitting, with a T�2 of 422 ± 13 ls (R2 = 0.999). There was a
small difference in T1 quantification of less than 5% between
saturation recovery UTE acquisitions with a long TR and those
with a short TR. The total scan time was reduced by more than
th a TR of 300 ms, TEs of 8 ls (1st row) and 4.4 ms (2nd row), and TI of 80 ms (A and
ond echo image selectively depicts the residual signals from long T2 water and fat,



Table 2
Quantitative measurements of SNR for the mid-diaphyseal tibia in cadaveric specimens, CNR between bone and fat (CNRB_F), and CNR between bone and muscle (CNRB_M) for five
different TR and TI combinations.

TR = 300 ms, TI = 80 ms TR = 300 ms, TI = 100 ms TR = 300 ms, TI = 120 ms TR = 300 ms, TI = 140 ms TR = 300 ms, TI = 160 ms

SNRB 24.21 ± 3.51 27.95 ± 3.68 29.52 ± 3.75 31.75 ± 3.64 34.90 ± 3.88
CNRB_F 2.73 ± 034 18.46 ± 2.94 21.98 ± 3.15 11.92 ± 2.21 �10.68 ± 1.93
CNRb_m 16.51 ± 2.18 22.37 ± 3.13 26.31 ± 3.46 29.41 ± 3.37 24.08 ± 3.59

Fig. 4. A cadaveric forearm imaged with a clinical 2D FSE sequence (A) and an IR-
UTE sequence (B). The 2D FSE sequence shows near zero signal for bone and tendon.
These are depicted with high spatial resolution and contrast with the 2D IR-UTE
sequence.
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10-fold using the latter approach. These results suggest that fast
and reliable estimations of T1 and T�2 of cortical bone can be
achieved using protocol II.

4.3. In vivo volunteer study

Oblique axial images of the mid-diaphyseal tibia from four
healthy volunteers are displayed in Fig. 6. For the first volunteer
the IR-UTE image (Fig. 6C) was compared with 2D GE (Fig. 6A)
and regular UTE images (Fig. 6B). The 2D GE sequence provides
near zero signal for cortical bone. The 2D UTE sequence provides
high signal for cortical bone with a SNR of 46 ± 5. However, there
was little specific bone contrast due to the much higher signal from
the surrounding muscle and marrow fat, resulting in a CNRB_M of
�65 ± 12 and CNRB_F of �110 ± 11. The IR-UTE sequence provides
a lower SNR of 30 ± 4, but much higher CNRB_M (27 ± 3) and CNRB_F

(19 ± 3). The adiabatic IR pulse reduced bone signal by around 60%,
roughly consistent with the Bloch equation simulation. However, it
also reduced the background noise by around 40%, probably due to
efficient suppression of signals from muscle and fat, therefore
reducing pseudo-noise due to undersampling in the UTE data
Fig. 5. Single component exponential decay curve fitting of T�2 (A) and T1 (B) for tibial c
with UTE sequence and 422 ± 13 ls (R2 = 0.999) measured with IR-UTE sequence, respe
using the basic UTE sequence. Single component exponential recovery curve fitting show
with saturation recovery UTE acquisitions with long and short TRs, respectively (B).
acquisition. As a result, the adiabatic IR pulse reduced bone SNR
by 35% but increased CNR markedly.

Protocol II was used to measure T�2 and T1 for the mid-diaphy-
seal tibia of healthy volunteers. Fig. 7 shows typical IR-UTE images
at different TEs. A short T�2 of 408 ± 15 ls was found through a sin-
gle exponential component curve fitting which accounted for
99.99% of the signal variance. The exponential T�2 decay curve
was barely affected by out-of-slice signal contamination, therefore
increasing the accuracy and confidence in T�2 quantification. Fig. 8
shows saturation recovery UTE imaging of the same volunteer. A
short T1 of 231 ± 17 ms was demonstrated by single exponential
component curve fitting which accounted for 99.73% of the signal
variance.

Fig. 9 shows results from bone water estimation using UTE and
IR-UTE sequences. A water concentration of 22.2 ± 2.7% was found
using regular 2D UTE imaging with bone appearing dark due to the
high signal from the surrounding long T2 muscle and fat. A slightly
lower bone water concentration of 21.0 ± 2.3% was demonstrated
using the 2D IR-UTE sequence with bone appearing bright after
efficient reduction of long T2 muscle and fat signals. The water con-
centration measured with the IR-UTE sequence was about 5.4%
lower than that measured with the UTE sequence.

Table 3 lists the quantification of T1, T�2 and bone water concen-
tration in the five healthy volunteers. The results show a mean T1

of 223 ± 11 ms, a mean T�2 of 390 ± 19 ls and a mean water concen-
tration of 23.3 ± 1.6% assessed with UTE, and 21.7 ± 1.3% assessed
with IR-UTE for the tibial cortex mid-shaft.
5. Discussion

It has been shown that the 2D UTE sequence combined with a
long adiabatic IR preparation pulse can provide excellent qualita-
tive depiction of cortical bone in vitro and in vivo using a clinical
3T scanner. The adiabatic IR pulse centered at �220 Hz has suffi-
cient bandwidth to cover the water peak as well as the multiple
ortical bone. This shows a short T�2 of 1116 ± 643 ls (R2 = 0.919) for tibia measured
ctively (A). There is significant distortion and reduced confidence level in T�2 fitting
s a similar T1 of 209 ± 52 ms and 200 ± 24 ms for the mid-diaphyseal tibia measured



Fig. 6. The comparison of GE, UTE and IR-UTE sequences for imaging the tibia in human volunteers. Clinical GE sequence shows pure signal void for the mid-diaphyseal tibia
(arrow) (A). This is also low signal with UTE due to the high signal from the surrounding long T2 muscle and fat (arrow) (B). The IR-UTE sequence shows consistent high
contrast images for cortical bone of four healthy volunteers (C–F). Long T2 muscle and fat signals were efficiently suppressed through adiabatic inversion and approximate
signal nulling.

Fig. 7. IR-UTE imaging of the mid-diaphyseal tibia of a 31 year old healthy volunteer with a TE delays of 8 ls (A), 200 ls (B), 800 ls (C), and 1.5 ms (D). Mono-exponential
fitting from a small ROI drawn in cortical bone demonstrates a short T�2 of 408 ± 16 ls for this volunteer.

Fig. 8. Saturation recovery UTE imaging of the tibia of a 31 year old healthy volunteer with a TSRs of 10 ms (A), 50 ms (B), 100 ms (C), 200 ms (D), 400 ms (E) and 800 ms (F).
Mono-exponential fitting from a small ROI drawn in cortical bone shows a short T1 of 231 ± 17 ms (G).
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Fig. 9. Bone water concentration estimated by comparison of signal intensity of
bone (thick arrows) to that of a water calibration phantom (thin arrows) using UTE
(A) and IR-UTE (B) sequences. These gave water concentrations of 22.2 ± 2.7% and
21.0 ± 2.3%, respectively.

Table 3
Quantitative measurements of T1, T�2 and bone water content of mid-diaphyseal tibia
in five healthy volunteers.

Subject Age T1 (ms) T�2 (ls) Bone water
without IR (%
volume)

Bone water with
IR (% volume)

1 26 223 ± 22 376 ± 14 22.2 ± 2.7 21.0 ± 2 J
2 31 231 ± 17 408 ± 15 24.5 ± 2.9 22.6 ± 2.9
3 30 233 ± 18 412 ± 9 25.0 ± 33 23.3 ± 3.1
4 35 221 ± 21 387 ± 12 23.4 ± 2.8 21.7 ± 2.5
5 24 216 ± 20 369 ± 15 21.2 ± 2.4 20.1 ± 2.0

310 J. Du et al. / Journal of Magnetic Resonance 207 (2010) 304–311
fat peaks in the spectral domain, and so provide uniform inversion
of the long T2 water and fat magnetization. Although only species
with a specific T1 can precisely reach the null point for each TR
and TI combination, there are relatively broad ranges of TR and
TI combinations which provide useful simultaneous signal reduc-
tion for both muscle and fat, as demonstrated in Figs. 2 and 3.
The IR-UTE technique is robust, and provides high contrast bone
images with little evidence of artifact from B1 and B0 inhomogene-
ities or susceptibility.

Fast and robust measurements of T�2 and T1 of cortical bone rely
on the following factors. Firstly, an ultrashort nominal TE of 8 ls
allows early points in the exponential curve to be sampled. This
is especially important for cortical bone with its very short T�2. Sec-
ondly, the adiabatic IR pulse can robustly suppress long T2 water
and fat signals, and so minimize out-of-slice signal contamination
as well as pseudo-noise associated with undersampled UTE acqui-
sitions. This enhances the robustness of the T�2 quantification tech-
nique (Figs. 5A and 7E). Thirdly, using a short TR as shown in
protocol II, instead of the long TR shown in protocol I, the measure-
ment time can be greatly reduced while maintaining reasonable
agreement in T1 quantification (Fig. 5B). Fourthly, undersampling
can significantly reduce the total scan time with little effect on
quantification, as demonstrated by the single component curve fit-
ting shown in Figs. 5, 7 and 8.

Water occurs at various locations and in different states in cor-
tical bone. It is associated with the mineral phase imbedded in the
crystals of the apatite-like mineral [22] as well as the organic ma-
trix, and is present in free form (bulk water) [16,22]. Measurement
of bone water concentration may provide information on mineral-
ization density and/or porosity. For example, Techawiboonwong
et al. have compared the signal from bone and a water phantom
to quantify bone water concentration as a new metric of bone qual-
ity in human cortical bone in vivo [6,12]. Cao et al. have also com-
pared the signal from bone with a polymer calibration phantom,
and found that the MR signal could be used to obtain true bone
matrix mass density [23].

Our preliminary study shows a mean water concentration of
23.3 ± 1.6% assessed with the UTE sequence and 21.7 ± 1.3%
assessed with the IR-UTE sequence for tibia of young volunteers.
These values are broadly consistent with reported bulk water
concentrations in cortical bone [6,12,24,25]. Precise agreement
is unlikely due to the following factors: (i) out-of-slice long T2

muscle and fat contamination may overestimate bone water con-
centration with UTE imaging. (ii) The T1 and T�2 relaxation times
of bone water may have a broad spectrum of values [24,25].
Water in smaller pores and that closer to pore surfaces may have
shorter T1/T�2 values due to surface relaxation mechanisms
[26,27]. The single-component model used in T1 and T�2 fitting
is only an approximation, and may result in errors in bone water
estimation. Multi-component bone water quantification is much
more complicated and is beyond the scope of this paper. (iii)
The IR-UTE sequence may suppress the longer T2 water compo-
nents more than the shorter T2 water components, resulting in
an underestimation of T�2 and increased errors in bone water
quantification. However, the signal oscillation at early TEs in
the T�2 decay curve (Fig. 5A) without long T2 signal suppression
is probably due to out-of-slice long T2 signal contamination. Lip-
ids found in the cement line spaces may also contribute to this
signal oscillation [30,31].

The effective TE in UTE imaging may be longer than the nom-
inal TE due to radial ramp sampling, which is also likely to in-
crease bone blurring [5]. Techniques such as sweep imaging
with Fourier Transformation (SWIFT) and water- and fat-
suppressed proton projection MRI (WASPI) may reduce bone
blurring [9,28]. Another limitation of this study is that a single
adiabatic IR pulse with relatively broad spectral bandwidth of
1.4 kHz was used. Adiabatic IR pulses with narrower spectral
bandwidths are expected to reduce short T2 signal attenuation
[14], at the cost of increased sensitivity to field inhomogeneity
and susceptibility effects. Another option is to use two adiabatic
inversion pulses each with a much narrower spectral bandwidth
to selectively invert and null long T2 water and fat magnetiza-
tion, respectively [29]. Furthermore, it is still not entirely clear
whether bulk water, bound water, or both contribute to the sig-
nal detected by the UTE sequences. UTE imaging of bone sam-
ples after sequential dehydration, or sequential loss of bulk
water and bound water [25], may provide such information
and will be investigated in the future.

6. Conclusion

The 2D IR-UTE sequence is able to depict cortical bone with
high spatial resolution, SNR and CNR on a clinical 3T scanner.
Quantitative evaluation of T�2, T1 and water concentration can be
achieved in clinically acceptable scan times through appropriate
combinations of UTE acquisition, long T2 suppression, and projec-
tion undersampling strategies.
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Appendix A

With IR-UTE imaging, the short T2 magnetization is partially
inverted by the long adiabatic inversion pulse, and then partly
excited by the half RF pulse [14,32]. The longitudinal magnetization
lz(T2) after the adiabatic IR pulse, neglecting T1, will be approxi-
mately [14]:

lzðT2Þ � l0 � ð1� T2 �
R1
�1x1ðtÞ2dtÞ

� l0 � ð1� T2 �
R1
�1 jX1ðf Þj2df Þ

¼ l0 � ð1� PÞ ¼ l0 � Q

ðA1Þ

Here P is the attenuation factor due to long adiabatic IR pulse.



Fig. 10. Steady state magnetization of cortical bone with the IR-UTE sequence.
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In order to obtain the steady state magnetization we introduced
short T2 magnetization at different stages of the IR-UTE pulse train
(Fig. 10), namely before the half RF pulse (l1

m), after the half RF pulse
(l2

m), before the adiabatic IR pulse (l3
m), after the adiabatic IR pulse

(l4
m), and before the next half RF pulse (l1

mþ1). Assuming a mapping
matrix of fz for the longitudinal magnetization and fxy for the
transverse magnetization, we obtain the following equations:

l2
m ¼ l1

m � fz ðA2Þ
l3

m ¼ l0 þ ðl2
m � l0Þ � e�ðTR�TIÞ=T1 ðA3Þ

l4
m ¼ Q � l3

m ¼ Q � ½l0 þ ðl2
m � l0Þ � e�ðTR�TIÞ=T1 � ðA4Þ

l1
mþ1 ¼ l0 þ ½l4

m � l0� � e�TI=T1 ¼ lss ðA5Þ

At steady state, l1
mþ1 ¼ lss. Therefore we can obtain the follow-

ing equation:

lss ¼ l0 þ fQ � ½l0 þ ðlss � fz � l0Þ � e�ðTR�TIÞ=T1 � � l0g � e�TI=T1

¼ l0 þ Q � l0 � e�TI=T1 þ Q � lss � fz � e�TR=T1 � Q � l0 � e�TR=T1 � l0 � e�TI=T1

ðA6Þ

As a result, lss can be calculated as follows:

lss ¼
l0 � ½1þ ðQ � 1Þ � e�TI=T1 � Q � e�TR=T1 �

1� Q � fz � e�TR=T1
ðA7Þ

The mapping matrices fz and fxy are related to the half pulse pro-
file and T�2. For slice selective half pulses, fz and fxy can be calculated
by Bloch equation simulation. Since the reference water phantom
and cortical bone have similar T�2 values and T1 effects can be
ignored during half pulse excitation, it is reasonable to assume
fxy,bone � fxy,ref, and fz,bone � fz,ref = fz. The reference water phantom
has a very short T1. We can then calculate bone water concentra-
tion as follows:

BWCIR�UTE �
lbone

ss � f bone
xy

lref
ss � f ref

xy

� RWC

� Ibone

Iref
�

1þ ðQ ref � 1Þ � e�TI=T1;ref � Q ref � e�TR=T1;ref

1þ ðQ bone � 1Þ � e�TI=T1;bone � Q bone � e�TR=T1;bone

� 1� Qbone � fz � e�TR=T1;bone

1� Qref � fz � e�TR=T1;ref
� RWC

� Ibone

Iref
� 1� Q bone � fz � e�TR=T1;bone

1þ ðQ bone � 1Þ � e�TI=T1;bone � Q bone � e�TR=T1;bone
� RWC

ðA8Þ
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