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Abstract

Water is present in cortical bone in different binding states. In this study we aimed to investigate
the effects of inversion time (TI) on the signal from bound and pore water in cortical bone using
an adiabatic inversion recovery prepared ultrashort echo time (IR-UTE) sequence on a clinical 3T
scanner. In total ten bovine midshaft samples and four human tibial midshaft samples were
harvested for this study. Each cortical sample was imaged with the UTE and IR-UTE sequences
with a TR of 300 ms and a series of Tls ranging from 10 to 240 ms. Five healthy volunteers were
also imaged with the same sequence. Single- and bi-component models were utilized to calculate
the T2* and relative fractions of short and long T2* components. Bi-component behavior of the
signal from cortical bone was seen with the IR-UTE sequence except with a T1 of around 80 ms
where the short T2* component alone were seen and a mono-exponential decay pattern was
observed. In vivo imaging with the IR-UTE sequence provided high contrast-to-noise images with
direct visualization of bound water and reduced signal from long T2 muscle and fat. Our
preliminary results demonstrate that selective nulling of the pore water component can be
achieved with the IR-UTE sequence with an appropriate T, allowing selective imaging of the
bound water component in cortical bone in vivo using clinical MR scanners.
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Introduction

Cortical bone is a composite material containing approximately 25% water by volume (1-3).
This water is present in various locations and in different binding states. In normal bone,
most of the water is loosely bound to the organic matrix (4-8). There is also a significant
amount of pore water residing in the pores of the Haversian and lacunocanalicular systems,
which is responsible for nutrient diffusion and contributes to the viscoelastic properties of
cortical bone (3, 9).

Separation of bound water from pore water is of critical importance since the two are
associated with different contributions to the mechanical properties of cortical bone (5-7,
10). Specifically, higher pore water fraction is seen in more porous and weaker bone,
whereas higher bound water fraction (reflecting organic matrix density) is seen in stronger
bone. Assessing these two components may provide surrogate markers for the material
properties of bone and it is important to distinguish them from one another.

Traditionally, nuclear magnetic resonance (NMR) spectrometers have been used to visualize
and quantify bound and pore water in cortical bone (5-8). Of particular interest are clinically
compatible MR imaging techniques that allow visualization of bone water, such as ultrashort
echo time (UTE) sequences that can encode the rapidly decaying signal from cortical bone
before it reaches zero or near zero levels (11-16). Selective, direct imaging of bound water
could provide a direct correlation with bone strength. Application of a bi-component model
to the UTE signal has allowed assessment of the organic matrix (bound water) and bone
porosity (pore water) using clinical MR scanners (17-19). Other approaches, including
water- and fat-suppressed proton projection MRI (WASPI) (20), and adiabatic inversion
recovery preparation with UTE acquisition (11, 21-25), have also been investigated.

However, accurate quantification of bound and pore water content in cortical bone is
technically challenging. Bound water and pore water have very different apparent transverse
relaxation times (T2*s). Pore water has a relatively short T2* on the order of milliseconds
while bound water has an ultrashort T2* of around 300 microseconds (17-19). Excitation
efficiency is affected by multiple factors including the pulse shape and flip angle (26). Pore
water with a longer T2* is excited more efficiently than bound water with a shorter T2*.
Bound water is excited more efficiently with a high power short rectangular pulse than a
slice-selective soft pulse (such as half sinc pulse). Adiabatic inversion recovery prepared
UTE (IR-UTE) sequences have been proposed as a promising approach to separate bound
water from pore water, hypothesizing that the longitudinal magnetization of pore water is
more efficiently inverted than that of bound water by the adiabatic inversion pulse, and thus
allowing potential separation of these two (24, 25). However, there is no direct evidence
showing that adiabatic inversion pulse can selectively invert the longitudinal magnetization
of pore water but not bound water. Furthermore, the degree of pore water suppression is
believed to be dependent on the inversion time (T1), which has not been well investigated.
An appropriate choice of Tl may be critical for accurate separation of bound water and pore
water.

NMR Biomed. Author manuscript; available in PMC 2016 January 01.
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In this study, we aimed to investigate the effects of T1 on bound and pore water signal in
cortical bone using two-dimensional (2D) ultrashort echo time (UTE) sequences as well as
adiabatic inversion recovery preparation UTE (IR-UTE) sequences operated on a clinical
whole body 3T scanner. Phase information was employed to confirm the separation of
bound and pore water using an adiabatic inversion pulse. Bi-component analysis was
employed to confirm the existence of bound and pore water components in cortical bone,
and to investigate the relation between TI and pore water suppression. Bovine and human
cortical bone samples as well as the tibial midshafts of healthy volunteers were studied.

Materials and Methods

Sample Preparation

Ten mature bovine midshaft samples and four human tibial midshaft samples were harvested
for this study. The bovine samples were obtained fresh from a local slaughterhouse and
cleared of all external soft tissues utilizing a scalpel. Cadaveric human tibial midshaft bone
samples were harvested from the legs of four donors obtained from the University of
California, San Diego (UCSD) morgue (without detailed demographic information or record
of the cause of death). These human bone samples were also cleared of external muscle and
marrow fat. Using a precision circular diamond-edge saw (ISOMET 1000, Buehler, Lake
Bluff, IL) and saline irrigation, rectangular slabs of bovine cortical bone were sectioned
without any marrow fat contamination. These had dimensions of ~20 x 10x2 mm?3 (length x
width x height), measured with a digital caliper. Cross-sectional human cortical bone
segments with an approximate thickness of ~20 mm were cut transversely. Individual
samples of both types were placed in phosphate buffered saline (PBS) solution for 24 hours
and stored at 4 °C prior to UTE free induction decay (FID) and IR-UTE FID sampling or
UTE/IR-UTE imaging (details below). The samples were equilibrated to room temperature
(21°C) before imaging.

UTE and IR-UTE FID Sampling

We implemented both UTE and IR-UTE FID pulse sequences on a 3T Signa Twin-Speed
scanner (GE Healthcare Technologies, Milwaukee, WI). This system had a maximum
gradient strength of 40 mT/m and a maximum slew rate of 150 mT/m/ms. The UTE FID
sequence used a short rectangular pulse (32 ps in duration) for signal excitation, followed by
fast FID sampling with all spatial encoding gradients turned off (Figure 1A). The minimal
delay time between the radiofrequency (RF) excitation and the FID sampling was 8 us. The
IR-UTE FID sequence employed an adiabatic inversion recovery preparation pulse (Silver-
Hoult pulse, duration = 8.64 ms) followed by UTE FID sampling (Figure 1A). The adiabatic
inversion pulse was used to selectively invert the longitudinal magnetization of pore water
with a longer T2* (T2* ~ 1-3 ms at 3T) (Figure 1D). Bound water with a short T2* (T2* ~
0.3 ms) was uninverted and partially saturated as a consequence of its significant transverse
relaxation during the relatively long adiabatic inversion process (21-23). A home-made
solenoid coil (1 cm diameter) was used for signal excitation and reception. The coil was
machined with the rolled copper wires press fitted around a hard glass tube, eliminating the
use of adhesive which might have provided signal detectable with UTE sampling and could
have contaminated the FID data. The UTE and IR-UTE FID sequences were applied to
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bovine cortical bone samples only when marrow fat contamination had been eliminated. The
human bone samples still contained significant amount of bone marrow fat and were not
used for FID sampling. With this technique a spectrum with a total of 4096 points was
sampled with a bandwidth of 125 kHz (or 8 ps per sampling point). UTE FID data as well as
IR-UTE FID data with a series of inversion times (TIs = 10-240 ms) were collected. Other
sampling parameters included a TR of 300 ms, a small flip angle of 10°, and a number of
excitations (NEX) of 256. Each bovine bone sample was placed in a 10 ml syringe filled
with Fomblin (Solvay Solexis, West Deptford, NJ) during MR imaging in order to maintain
hydration and minimize susceptibility effects at air-bone junctions.

UTE and IR-UTE Imaging of Bone Samples

We also implemented 2D non-slice selective UTE and IR-UTE sequences on the same 3T
whole-body clinical scanner. The IR-UTE imaging sequence employed an adiabatic
inversion recovery preparation pulse to selectively invert the longitudinal magnetization of
pore water which had a longer T2*, and a short rectangular hard pulse (duration = 32 ps) to
excite both bound water and pore water prior to data collection. The short rectangular pulse
together with radial ramp sampling and fast transmit/receive switching allowed use of a very
short nominal TE of 8 ps (Figure 1B). This permitted detection of both pore water residing
in the microscopic pores of cortical bone, and water bound to the organic matrix. The
adiabatic IR pulse was used to invert and partially or wholly null the longitudinal
magnetization of pore water. The longitudinal magnetization of bound water was not
inverted but partially saturated. The degree of pore water signal suppression depended on
the choice of Tl (Figure 1D).

We used a short rectangular pulse for the non-slice selective 2D excitation in order to
enhance signal to noise ratio (SNR), and to eliminate errors due to eddy currents associated
with conventional half-pulse excitation. On the ex vivo samples, the 2D non-slice selective
UTE imaging protocol was used with the following parameters: TR = 300 ms, FOV =8 cm,
matrix = 128x128, 211 projections, bandwidth = 125 kHz, 20 TEs (0.01, 0.1, 0.2, 0.3, 0.4,
0.5,06,0.8,10,1.2,1.4,16,2,25,3,4,5,6,7,8ms), 1 min per image. In addition the 2D
IR-UTE protocol was used with a series of Tls (10, 20, 30, 40, 80, 120, 160, 200 and 240
ms) together with the other imaging parameters described above. The total imaging time was
about 200 min per bone sample. The solenoid coil was used for signal excitation and
reception with the bovine bone samples. A wrist birdcage transmit/receive coil (~12.5 cm in
diameter) (BC-10, Medspira, Minneapolis, MN) was used for signal excitation and reception
with the human bone samples. Each bovine bone sample was placed in a 30 ml syringe,
while each human bone sample was placed in a 200 ml plastic container (cylinder shape).
Each was filled with Fomblin during MR imaging in order to maintain hydration and
minimize susceptibility effects at air-bone junctions. Both magnitude and phase images were
reconstructed.

UTE and IR-UTE Imaging of Volunteers

For in vivo imaging, slice-selective UTE sequences were used, where the short rectangular
pulse was replaced by a half SINC pulse (duration = 472 ps, bandwidth = 2.7 kHz) (Figure
1C). For each radial line of k-space, two acquisitions were performed by collecting data with
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the slice selection gradient in one direction and adding this data to that collected with the
slice selection gradient reversed (27). The slice-selective UTE sequences are subject to eddy
currents, which are minimized by employing bipolar slice selective gradients and readout
gradients (eddy currents from the paired positive and negative gradients add destructively,
reducing both the short term and long term eddy currents), as well as manually tuned
gradient timing delays (22). The slice-selective 2D UTE and IR-UTE sequences were used
to image the mid-diaphyseal tibia in five healthy volunteers (4 males, 1 female, 27 to 69
years, average age 46). Written informed consent approved by our Institutional Review
Board was obtained prior to participation from each subject. The imaging parameters
included: FOV = 15 cm, readout = 256, number of projections = 255, bandwidth = 125 kHz,
slice thickness = 7 cm, flip angle = 45°, TR = 300 ms, 10 TEs (0.01, 0.1, 0.2, 0.4, 0.6, 1.0,
1.4,2,3,4ms)and Tls of 80, 110 and 140 ms, 2.55 min per IR-UTE scan, a total scan time
of 84 min for each volunteer. An eight-channel phased array transmit/receive coil (Invivo
Corporation, Gainesville, Florida, USA) was used for signal transmission and reception.

MR Data Analysis

Results

A semi-automated Matlab (The Mathworks Inc., Natick, MA) program was developed for
bi-component analysis of bound and pore water T2*s and the relative fractions (17). The
program allowed placing of regions of interest (ROIs) on the first image of the series. These
were then copied to the corresponding position on each of the subsequent images. The mean
signal intensity within each of the ROIs was used for subsequent curve fitting. For single
component analysis the UTE or IR-UTE signal S(t) were fitted with the following model:

S(t)=A x e T fnoise 1]

For bi-component analysis the UTE or IR-UTE signal S(t) were fitted with the following
model (18, 28):

S(t)=As x e M T5s +A4, x e VT3 +noise [21

where Tog* is the short water T2*, T, * is the long water T2*, Ag and A|_are the signal
amplitudes of the short and long T, components. Apparent bound water fraction was
defined as As/(As+A| ). Background noise was automatically estimated using a maximum
likelihood estimation (MLE) distribution fitting of a partial histogram. Non-negative least-
square curve fitting was employed for the bi-component model. After fitting was finished,
goodness of fit statistics including the R-squared value, mean squared error, root mean
squared error, and standard error were computed. A fit curve along with its 95% confidence
intervals (Cl) was also created. Phase images were used to demonstrate the effect of pore
water inversion and signal nulling as a function of TI. The effect of Tl on bound water
fraction was analyzed.

Figure 2 shows the UTE FID signal, including magnitude, complex and phase information,
from a bovine cortical bone sample as well as those from an IR-UTE sequence with a T1 of
20 ms. The IR-UTE sequence shows a null of the FID signal at around 0.7 ms with a
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subsequent rebound. The nulling suggests that the inverted pore water magnetization
cancelling out the positive magnetization from the uninverted bound water.

Figure 3 shows selected magnitude and phase images from IR-UTE imaging of a cadaveric
human bone sample using a TR of 300 ms and a short T1 of 20 ms. A positive phase was
observed with TEs less than 0.4 ms (i.e., o= 0.27 for TE of 8 ps, ¢ = 0.74 for TE of 0.4 ms),
and a negative phase was observed with longer TEs in the range of 0.8~1.6 ms (i.e., ¢ =
—2.47 for TE of 0.6 ms and ¢ = —2.03 for TE of 1.4 ms). This suggests that the net signal is
dominated by the positive bound water magnetization initially, and by the negative pore
water magnetization later.

Figure 4 shows IR-UTE images at a TR of 300 ms and TI of 20 ms of bovine cortical bone
with 12 echoes ranging from 8 s to 4 ms. Bone signal dropped to a minimum at a TE of 0.8
ms, increased to a peak at a TE of 1.6 ms, and then kept decreasing to near zero with further
increase in TE (A-L). The T2* signal decay is inadequately fitted with a single component
fitting model (M). A bi-component fitting model allows excellent fitting (residual signal less
than 1%, R? = 0.9983) of data points with generation of short and long T2* fractions and
T2* values (N).

Figure 5 shows a summary of short and long water T2*s and their relative fractions for a
bovine cortical bone sample with a TR of 300 ms and different Tls ranging from 10 ms to
240 ms. A relatively high pore water fraction was observed with very short TIs (T1 < 40 ms)
and with long Tls (T1 > 120 ms). In these TI ranges pore water was not nulled and
contributed to the IR-UTE signal. Single component decay was observed with IR-UTE
imaging using Tls of ~80 ms, consistent with effective nulling of pore water. Figure 6 shows
bound water fraction as a function of TI for four bovine bone samples (similar results were
observed for the other two bovine bone samples). Nulling of pore water was observed with a
TR of 300 ms and a T1 of 80 ms, corresponding to maximum bound water fraction in each
sample. Lower bound water fraction corresponding to increased pore water signal was
observed at lower and higher Tls than 80 ms.

Figure 7 shows single- and bi-component fitting of UTE and IR-UTE images of a human
cortical bone sample with a TR of 300 ms and a T1 of 80 ms. UTE images show bi-
component decay behavior consistent with two distinct water components in cortical bone.
The IR-UTE images show a single component decay, consistent with pore water with a
longer T2* being selectively inverted and nulled by the adiabatic IR pulse, while bound
water with a shorter T2* recovers during Tl and is selectively detected by the UTE
sampling. Figure 8 shows the relationship of bound water fraction and Tl from a
representative human cortical bone sample. At a TR of 300 ms and a T| of approximately 80
ms, the short T2* fraction approaches 100%. Similar results are observed for other human
cortical bone samples (bound water accounts for more than 95% of the total IR-UTE signal
with Tls ranging from 80 ms to 120 ms).

Figure 9 shows the feasibility of in vivo imaging in the tibia of a healthy volunteer.
Compared with UTE images, the IR-UTE images demonstrate reduced signal-to-noise, but
show much higher contrast-to-noise. With a Tl of 110 ms, there is reduced signal from both
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fat and the pore water pool, leaving bound water selectively detected, as confirmed by the
excellent single-component fitting (residual signal less than 1%, R2 = 0.9965) of the IR-
UTE signal decay shown in Figure 10. Increased contrast for muscle and fat were observed
at longer TEs due to fast signal decay from cortical bone, which dominated the IR-UTE
signal at shorter TEs. A single-exponential signal decay behavior was also observed for the
other three human volunteers (results not shown), suggesting that the IR-UTE sequences can
be used to robustly image bound water in cortical bone in vivo using clinical MR scanners.

Discussion

Recent studies suggest that UTE sequences can detect both bound and pore water in cortical
bone using clinical whole-body scanners (17-25). However, the acquired UTE signal is a
combination of the short and long T2 components, which have opposed effects on the
overall mechanical properties of cortical bone (5-7, 10). More recently, selective imaging of
the short T2 components has been demonstrated using the inversion recovery prepared UTE
sequences (23-25). Magnetization preparation with an adiabatic inversion pulse effects both
bound and pore water components in cortical bone. In comparison to the bound water
component which has an extremely short T2* and is not inverted but partially saturated by
the relatively long adiabatic inversion pulse, the pore water component with almost ten
times longer T2* is more effectively inverted (e.g., negagive longitudinal magnetization) by
the adiabatic inversion pulse.

In the current study, we systematically varied the T1 and evaluated the effect of this on bone
water signal. Initially we thought that fat residing in cortical bone (e.g., lipid in cement line)
accounted for the “abnormal” signal rebound near TE of around 1.2 ms when a short T1 was
used (e.g., TI =20 ms, TR = 300 ms) (29). However, further analysis shows that a bi-
component model could fully explain this signal decay behavior assuming the longitudinal
magnetizatoin of pore water being selectivley inverted by the adiabatic IR pulse. At short
TEs the positive signal from bound water dominates the IR-UTE signal while at long TEs
the negative signal from pore water dominates the IR-UTE signal. A complete signal
cancellation is observed when the positive magnetization of bound water equals the negative
magnetization of pore water. At longer TEs the negative signal from pore water, which
decays much more slowly than the positive signal from bound water, dominates the IR-UTE
signal, leading to the “abnormal” signal rebound when magnitude signal is used. The
opposite phase before and after the null further demonstrates that the longitudinal
magnetization of pore water is inverted, while that of bound water is not inverted by the
adiabatic inversion pulse. At shorter TEs before the null point the positive longitudinal
magnetization of bound water dominates, leading to a positive phase. At longer TEs after the
null point the negative longitudinal magnetization of pore water dominates, leading to a
negative phase. Different null points were observed for bovine and human cortical bone
samples due to their different fractions of bound and pore water components. On the other
hand, it is difficult to explain the opposite phase before and after the null by simply
assuming lipid contributing to IR-UTE signal. The amount of lipid in cement line might be
too low to be detected by the IR-UTE sequence, however, further research is needed.
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At the shorter range of inversion times, UTE phase data confirmed an initial contribution to
signal from both rapidly decaying bound water and more slowly decaying pore water
components. The contribution of pore water to the overall signal decreased as T1 was
increased until at approximately 80 ms, where pore water was effectively nulled, only bound
water contributed to the final signal. At Tls increasing beyond 80 ms, positive recovery of
the pore water longitudinal magnetization contributed to the UTE signal.

Although previous studies have shown that pore water consists of a relatively broad
spectrum of T1 values due to pore size variation (5, 8), our results show that with careful
selection of TI, there can be sufficient nulling of the pore water net magnetization to render
this component undetectable. Furthermore, while a single component fitting model would
not adequately explain the signal decay behavior obtained with bone from standard UTE
images (17-19), with complete nulling of pore water at a TI of around 80 ms, the best fit
model is mono-exponential. In contrast, good quality curve fitting at other T1 values is only
achieved with the bi-component model.

The short T2* values obtained with the IR-UTE technique are comparable to the short T2*
values for bone obtained with UTE techniques, and also are comparable to those published
in other studies (6, 8, 19, 30), showing the robustness of bi-component analysis. The choice
of Tl mainly affects the fractions of bound and pore water components, not their T2* values.
With a TR of 300 ms, a T of 80 ms provides nearly complete nulling of the pore water
component. This is largely consistent with the results of Horch et al (24), who reported that
a Tl of 90 ms (with a TR of 300 ms) allowed selective imaging of bound water in cortical
bone. However, our study also suggests that near complete nulling of pore water can be
achieved with a relatively broad range of Tls. This is imporatant for the clinical assessment
of bound water in cortical bone since cortical bone is surrounded by muscle and marrow fat,
which have quite different T1s. A certain TR and Tl combination (e.g., TR =300 ms, Tl =
110 ms) allows nearly complete nulling of signal from both muscle and bone marrow fat as
well as from pore water in cortical bone (22). This provides high contrast morphological
imaging of bone, and allows accurate measurement of bound water content by comparing
signal from bone to that of a reference phantom (e.g., rubber which has similar T1 and T2*
values to cortical bone). Accurate measurement of bound and pore water components using
UTE and IR-UTE imaging will be investigated in future studies.

There are several limitations to this study. Firstly, the nulling time T is related to the choice
of TR and the T1 of cortical bone, which were not measured in this study. Accurate
measurement of T1 is technically challenging due to the very short T2* of cortical bone. The
multiple water components in cortical bone have very different T2*s, and may have
different T1s. It is difficult to accurately measure the T1s of the different water components
in cortical bone, especially when using clinical whole-body MR scanners. Secondly, the
UTE and IR-UTE bi-component analysis techniques are based on T,", which is known to be
sensitive to local field effects, including those due to By field inhomogeneity and local
susceptibility differences. T2 is insensitive to these effects and multi-component analysis of
T2 decay is believed to provide more accurate bound and pore water separation (10).
However, it is technically difficult or impossible to measure the T2 of cortical bone using
whole body clinical scanners due to RF limitations (the duration of a 180° is on the order of
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the T2* of cortical bone, precluding accurate refocusing of bone magnetization). Bound and
pore water separation based on T2*, rather than T2, is probably a better option for clinical
assessment of bone water components. Thirdly, we only investigated the effects of Tl on
bound and pore water components. Further studies are needed to investigate its clinical
applications in measuring bound and pore water contents, correlating the measurements with
micro computed tomography (UCT) porosity and the biomechanical properties of cortical
bone samples, as well as assessing bound and pore water changes in healthy volunteers and
patients with osteoporosis.

In conclusion, this study shows that the two water components detectable with UTE
sequences respond differently to the adiabatic inversion pulse. The pore water component
with longer T2* can be selectively nulled with an IR-UTE sequence when an appropriate
combination of TR and Tl is chosen. The IR-UTE sequence allows selective imaging of
bound water, which may be useful for indirect quantification of collagen content and thus as
a possible surrogate marker of bone strength.
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Abbreviations used

2D two-dimensional

Cl confidence intervals

FID free induction decay

IR inversion recovery

IR-UTE inversion recovery prepared ultrashort echo time
MLE maximum likelihood estimation
MRI magnetic resonance imaging

NEX number of excitations

NMR nuclear magnetic resonance

PBS phosphate buffered saline

RF radio frequency

ROI region of interest

SNR signal to noise ratio

TE echo time

TI inversion time

uCT micro computed tomography
UCsD University of California, San Diego
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UTE ultrashort echo time
WASPI water- and fat-suppressed proton projection MRI
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Figure 1.
Two dimensional UTE sequences developed for FID sampling which employs a short

rectangular pulse excitation followed by FID data acquisition with all gradients turned off
(A), non-slice selective imaging which employs a short rectangular pulse excitation
followed by 2D radial ramp sampling (B), and slice-selective imaging which employs a half-
pulse excitation followed by 2D radial ramp sampling (C). The UTE sequences can be
further combined with an adiabatic inversion recovery preparation pulse for IR-UTE
imaging of bound and pore water components in cortical bone. (D) Mz plotted against T1 for
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bound water (BW) and pore water (FW). This shows the IR-UTE mechanism for imaging of
bound and pore water components in cortical bone. With a shorter TI (TI4), pore water
magnetization is negative while the partially saturated bound water magnetization is
positive. With an appropriate TI (Tl,), pore water is nulled and the signal is entirely from
bound water. With a longer TI (Tl3), both bound and pore water magnetization are positive.
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Figure 2.
Real, imaginary and magnitude of complex FIDs of a bovine cortical bone sample acquired

with IR-UTE with a TR of 300 ms and a Tl of 20 ms (A), and UTE with a TR of 300 ms
(C), and the corresponding phase plot (B, D) as a function of time after excitation. Nulling
and rebounding of pore water signal was observed in IR-UTE FID magnitude (A) and phase
(B) plots, but not in UTE FID magnitude (C) and phase (D) plots.
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Figure 3.
Normalized magnitude signal decay curve for IR-UTE images of a cadaveric human bone

sample with a TR of 300 ms, a Tl of 20 ms and TEs ranging from 8 s to 5 ms (A), and
selected magnitude and corresponding phase images with a TE of 8 us (B, F), 0.4 ms (C, G),
0.6 ms (D, H) and 1.4 ms (E, I). The relative longitudinal magnetizations of bound water
(BM) and pore water (FW) at different TEs are also shown in (A), where the positive signal
from bound water dominates the IR-UTE signal at short TEs. This signal decays quickly
with increasing TEs, leaving the negative signal from pore water which decays more slowly
dominating the IR-UTE signal at longer TEs. In subfigures (F) to (I) the signals were of
opposite phase before and after TE of 0.5 ms (i.e., ¢ = 0.27 for TE of 8 s, ¢ = 0.74 for TE
of 0.4 ms, while ¢ = -2.47 for TE of 0.6 ms and ¢ = —2.03 for TE of 1.4 ms), consistent
with a transition from positive to negative net magnetization at TE ~0.5 ms, the null point.
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IR-UTE imaging of a bovine cortical bone acquired with a TR of 300 ms, Tl of 20 ms, and
TEs of 0.01 (A), 0.1 (B), 0.2 (C), 0.4 (D), 0.6 (E), 0.8 (F), 1.0 (G), 1.2 (H), 1.6 (1), 2.0 (J),
3.0 (K), 4.0 ms (L), as well as the corresponding single-component (M) and bi-component
fitting (N). The signal decayed to a minimum at about 0.8 ms (F), increased again to a peak
at about 1.6 ms (1), then decayed again with increasing TE (J-L). The single component fit
is poor with residual signal more than 10% (M), but the bi-component fit is excellent (N),
with 85.9% of the signal from the bound water component and 14.1% from the pore water

component.
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Bi-component fitting of IR-UTE (A-1) and UTE(J) images of a bovine cortical bone sample
with Tls of 10 ms (A), 20 ms (B), 30 ms (C), 40 ms (D), 80 ms (E), 120 ms (F), 160 ms (G),
200 ms (H), 240 ms (I). UTE signal shows bi-component decay with 20% pore water and
80% bound water (J), while a single component was observed with a T1 of 80 ms (E). Bi-
component decay was observed with other Tls lower and higher than 80 ms due to imperfect
nulling of the pore water components.
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Figure 6.
IR-UTE assessed bound water fractions as a function of TI for 4 bovine cortical bone

samples (A-D). Reduced bound water fraction was observed at lower and higher Tls than 80
ms.
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Figure 7.

Single-component fitting (A) and bi-component fitting (C) of UTE images of a human
cortical bone sample acquired with a TR of 300 ms and TEs ranging from 0.008 to 7 ms.
The corresponding fitting residuals are shown in (B) and (D). The single-component model
fits poorly while the bi-component fits well suggesting the existence of two water
components in cortical bone with distinct T2* relaxation times. A single-component model
fits well for the IR-UTE signal decays with a TI of 80 ms (E), with the fitting residuals (F)
less than 2% consistent with nulling of the pore water component.
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Figure 8.
Bound water fraction of IR-UTE imaging of a human cortical bone sample acquired with a

TR of 300 ms and a series of Tls ranging from 20 ms to 140 ms. Increased short T2*
fraction is seen with Tls of around 80 ms.
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Figure 9.
In vivo imaging of the tibial midshaft of a 39 year old healthy female volunteer with UTE

(A), IR-UTE with a Tl of 80 ms (B), 110 ms (C) and 140 ms (D). A TR of 300 ms was used
for all sequences. Increased contrast was achieved in imaging the tibia (thick arrow) with a
TR of 300 ms and a T1 of 110 ms. Surrounding pads (arrow heads) are also visible.
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Figure 10.
IR-UTE imaging of the tibial midshaft of a 39 year old healthy female volunteer with a TR

of 300 ms, a Tl of 110 ms, and TEs of 8 ps (A), 0.1 ms (B), 0.2 ms (C), 0.4 ms (D), 0.6 ms
(E), 1.0 ms (F), 1.5 ms (G) and 2.5 ms (H) as well as single-component fitting of the bone
signal decay (I), which accounted for 99.88% of the signal variance, consistent with only
bound water with a T2* of 347 + 10 ps being detected by the IR-UTE sequence. Residual
signals from muscle and fat were better observed at longer TEs due to fast signal decay from
cortical bone, which dominated the IR-UTE signal at shorter TEs.
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