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Abstract

Ultrashort echo time (UTE) MRI can quantify the major proton pool densities in cortical bone, including total (TWPD), bound (BWPD), and
pore water (PWPD) proton densities, as well as the macromolecular proton density (MMPD), associated with the collagen content, which
is calculated using macromolecular fraction (MMF) from UTE magnetization transfer (UTE-MT) modeling. This study aimed to investigate the
differences in water and collagen contents in tibial cortical bone, between female osteopenia (OPe) patients, osteoporosis (OPo) patients, and
young participants (Young). Being postmenopausal and above 55 yr old were the inclusion criteria for OPe and OPo groups. The tibial shaft of
14 OPe (72.5 ± 6.8 yr old), 31 OPo (72.0 ± 6.4 yr old), and 31 young subjects (28.0 ± 6.1 yr old) were scanned using a knee coil on a clinical
3T scanner. Basic UTE, inversion recovery UTE, and UTE-MT sequences were performed. Investigated biomarkers were compared between
groups using Kruskal–Wallis test. Spearman’s correlation coefficients were calculated between the TH DXA T-score and UTE-MRI results. MMF,
BWPD, and MMPD were significantly lower in OPo patients than in the young group, whereas T1, TWPD, and PWPD were significantly higher
in OPo patients. The largest OPo/Young average percentage differences were found in MMF (41.9%), PWPD (103.5%), and MMPD (64.0%).
PWPD was significantly higher (50.7%), while BWPD was significantly lower (16.4%) in OPe than the Young group on average. MMF was found
to be significantly lower (27%) in OPo patients compared with OPe group. T1, MMF, TWPD, PWPD, and MMPD values significantly correlated
with the TH DXA T-scores (provided by the patients and only available for OPe and OPo patients). DXA T-score showed the highest correlations
with PWPD (R = 0.55) and MMF (R = 0.56) values. TWPD, PWPD, and MMF estimated using the UTE-MRI sequences were recommended to
evaluate individuals with OPe and OPo.

Keywords: MRI, cortical bone, ultrashort echo time, pore water, magnetization transfer, collagen proton density

Lay Summary

Ultrashort echo time (UTE) is an MRI technique that can quantify the water and collagen content of cortical bone. Water in the bone can be
found residing in pores (pore water) or bound to the bone matrix (bound water). We investigated the differences in water and collagen contents
of tibial cortical bone between female osteopenia patients, osteoporosis patients, and young participants. Bound water and collagen contents
were significantly lower in osteoporosis patients than in the young group, whereas total water and pore water contents were significantly higher
in osteoporosis patients. Pore water was significantly higher, while bound water was significantly lower in osteopenia than in the Young group.
Collagen content was found to be significantly lower in osteoporosis patients compared with the osteopenia group. The estimated water and
collagen contents were significantly correlated with the TH bone densitometry measures in the patients.

Introduction

The World Health Organization regards areal BMD assess-
ment using DXA as the gold standard for osteoporosis (OPo)
diagnosis in the over 50-yr-old population in several racial
and ethnic groups.1–6 It is important to note that bone com-
position is not limited to only the mineral component, but is
also comprised of the organic matrix, water, and fat, which
together represent the major portion of the bone volume

(>90% in trabecular bone sites and > 55% in cortical bone
sites).7 These latter components contribute significantly to the
mechanical properties of bone,8,9 but cannot be rigorously
evaluated by DXA or other X-ray-based techniques.10

Quantitative bone evaluation using MRI has recently
received more attention as a method that can evaluate the
bone’s organic matrix and water content while avoiding the
potential harm associated with ionizing radiation.11-25 Aside
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from these safety concerns, MRI-based bone assessment also
allows the evaluation of surrounding soft tissues, such as
the ligaments, tendons, and muscles.26,27 Although clinical
MR sequences can be utilized for morphological assessment,
they are not capable of quantitative bone evaluation due to
the negligible signals.19-21 In more details, the magnitude of
the acquired MR signal in bone is a function of its apparent
spin–spin relaxation time (T2∗), which is very short (ie, on
the order of hundreds of microseconds)11,12 and cannot be
detected by clinical sequences utilizing echo times (TEs) of
several milliseconds. Alternatively, ultrashort echo time (UTE)
sequences with TEs under 0.05 ms are able to acquire MR
signals from bone.19-21

Hydrogen protons in macromolecules, bound water, and
pore water are the 3 major proton pools in cortical bone.12

Total water proton density (TWPD) and bound water proton
density (BWPD) can be measured by comparing a reference
signal (usually from an external reference with a known
proton density, for example, 20% H2O and 80% D2O) with
the bone signals in UTE-MRI and inversion recovery UTE-
MRI sequences, respectively.12,28 Pore water proton density
(PWPD) can be estimated by subtracting BWPD from TWPD.
UTE magnetization transfer (UTE-MT) imaging can be used
to indirectly measure the macromolecular proton fraction
(MMF) in cortical bone based on 2-pool (water vs macro-
molecules) MT modeling,29,30 allowing macromolecular pro-
ton density (MMPD) to be then estimated as a function of
MMF and TWPD.

Earlier ex vivo investigations on human cortical bone have
demonstrated that bone porosity, BMD, and mechanical
properties significantly correlate with TWPD, PWPD, and
MMF.20,21,31-33 The feasibility of in vivo assessment of
TWPD, BWPD, PWPD, MMF, and MMPD was investigated in
a prior study where elderly participants demonstrated higher
TWPD and PWPD values, while lower MMF, BWPD, and
MMPD values compared with young participants.32

This study aimed to investigate the differences in water
proton densities (TWPD, BWPD, and PWPD) and macro-
molecular proton densities (MMF and MMPD) between post-
menopausal osteopenia (OPe) patients, OPo patients, and
young female participants.

Materials and methods

Subject inclusion

A total of 82 female participants were recruited for MRI scans:
31 young subjects and 51 post-menopausal participants with
recent (<2 mo) hip DXA scans. Participants were recruited
using flyers in Radiology, Orthopedics, and Endocrinology
clinics at UCSD. To be included in the young group, individ-
uals must (1) be under 45 yr old and pre-menopausal and (2)
not be pregnant (urine test was performed before MRI scan).
To be included in the post-menopausal groups, individuals
must (1) be above 55 yr old and post-menopausal and (2)
provide a recent (past 2 mo) hip DXA scan report. All the
individuals must be willing and able to complete a 1–h MRI
in the supine position. Individuals with trauma and significant
leg and hip injuries within the past 12 mo were excluded.
Of the postmenopausal participants, 6 were normal (Total
Hip (TH) DXA T-scores > −1), 14 were OPe patients (T-
scores between −2.5 and −1), and 31 were OPo patients
(DXA T-scores below −2.5). DXA reports were not available
for young participants. Normal postmenopausal participants

were excluded from the study due to their limited number,
which might challenge further comparisons between groups. It
should be noted that the non-ethnically matched DXA scores
generated in multiple clinical facilities were submitted by the
patients and recorded by the study coordinator. The Ope and
Opo status was determined based on the TH DXA scores,
which were available for all the recruited postmenopausal
patients and could be trusted regardless of the potential dif-
ferences in the methods and scanners. Menopausal status was
determined by the patient’s report. Current medical treatment
and fracture history were not investigated in this study.

This study was approved by the institutional review board
of the University of California, San Diego. Written informed
consent was obtained from each participant. This research
study was conducted compliant with the applicable good
clinical practice requirements and the relevant guidelines and
regulations.

UTE-MR imaging

All participants were scanned on a 3 Tesla clinical MRI
scanner (MR750, GE Healthcare Technologies) using an 8-
channel knee coil (transmit and receive coil). Young partici-
pants were asked to choose on their own which leg should
be scanned in MRI, regardless of their leg dominance. For
post-menopausal patients, the leg selection had to match the
available side in the hip DXA scan reports. The MR imaging
coverage was centered in the middle of the tibial shaft, accord-
ing to the operator’s experience. TWPD, BWPD, and PWPD
estimation in tibial cortical bone were performed via MR
signal comparison between bone and an external reference
of known proton density (22 mol/L H1 composed of 20%
volume H2O and 80% volume D2O, doped with 24 mmol/L
MnCl2, T2 ≈ 0.35 ms, T1 ≈ 6 ms). The required equations
to calculate the estimated proton densities are presented in
Appendix I.12,28

The 3D UTE, IR-UTE, and UTE-MT sequences were pre-
viously described in detail.12,20,21,29,34 The basic 3D UTE
sequence utilized a short rectangular excitation pulse followed
by Cones trajectory sampling to acquire signals from both
pore and bound water in cortical bone.12,20 The 3D IR-UTE
sequence utilized an 8.64 ms long adiabatic inversion pulse to
invert and null pore water magnetization, followed by UTE
acquisition to detect signals from bound water.12,20

The imaging protocol to estimate the water proton densities
included, first, a PD-weighted 3D UTE sequence (repetition
time (TR) = 50 ms, TE = 0.032 ms, FA = 10◦) for TWPD
measurement with a scan time of 3 min, and second, a 3D
IR-UTE sequence (TR = 100 ms, TI = 45 ms, TE = 0.032 ms,
FA = 20◦) for BWPD measurement with a scan time of
3.5 min. A T1-BW of 135 ms was used for BWPD measurement
[Appendix I, eqn. (A4)], as had been previously measured for
8 volunteers.35 PWPD was calculated by subtracting BWPD
from TWPD.

The 3D UTE-MT sequence employed a Fermi pulse
(duration of 8 ms) for off-resonance saturation of macro-
molecular magnetization, followed by UTE acquisition to
detect signal from bone water.29,34 As a prerequisite for
UTE-MT modeling and MMF assessment, T1 measurement
was performed using a UTE-based actual flip angle imaging-
variable TR (UTE-AFI-VTR) sequence (AFI: TE = 0.032 ms,
TRs = 20 ms, and 100 ms, VTR: TE = 0.032 ms, TRs = 30,
80, 150 ms, FA = 45◦) with a total scan time of 20 min.36
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T1 was calculated using a single-component exponential
fitting (S(TR) ∝ 1 − exp (−TR/T1) + constant) of the
acquired data.36 Fifteen UTE-MT sequences (TE = 0.032 ms,
TR = 100 ms, FA = 7◦) were performed, providing 3 different
saturation power levels (500◦, 1000◦, and 1500◦) and 5
frequency offsets (2, 5, 10, 20, and 50 kHz) for UTE-MT
modeling with a total scan time of 13 min. Performing the 2-
pool UTE-MT modeling, the MMF biomarker was calculated,
an index quantifying the ratio between the collagen and water
proton pools.29,30,34 A Gaussian function was used to model
the spectrum of the macromolecular proton pool and its loss
of longitudinal magnetization.29 MMPD was then calculated
as a function of TWPD and MMF, obtained from UTE-MT
modeling [Appendix I, eqn. (A6)].

The fitting models described above were also used to gen-
erate pixel maps of the TWPD, BWPD, PWPD, MMF, and
MMPD for presentational purposes in this investigation.

The matrix dimension, field of view (FOV), nominal in-
plane pixel size, and slice thickness were 160 × 160 × 24,
140 × 140 × 120 mm3, 0.87 mm, and 5 mm, respectively.
After each human subject scan, the UTE-MRI sequence was
used to image a large homogenous water phantom to generate
the coil sensitivity map (η) over the same FOV. The total scan
time was approximately 40 min.

MRI data analysis

An open-source software (Elastix, http://elastix.isi.uu.nl/) was
used to register the 3D stack of images from all sequences
to the first T1 image (TR = 20 ms), to compensate for the
potential subject motion between sequences. Potential subject
movements during each sequence would result in significant
visible artifacts in the images. The scanner operator continu-
ously screened the image quality of each sequence, and those
with artifacts were repeated during the same scanning session.
All images were smoothed within 3 × 3 sub-windows using a
Gaussian filter before any measurements.

The quantitative MR measurements were performed on a
single slice, which was consistently selected by the data analyst
in the middle of the tibial shaft. Figure 1B shows schematics
of a representative ROI selected manually covering the whole
cortical bone region in the tibial midshaft. The average signals
within selected ROIs were used to calculate MMF, TWPD,
BWPD, PWPD, and MMPD using equations in Appendix I.
To investigate the reproducibility of the developed data anal-
ysis pipeline, ROIs on bone were selected by 3 independent,
experienced readers at the tibial midshaft. For quality control
purposes, the ROIs selected by each reader for the first 5
datasets were verified by a board-certified musculoskeletal
radiologist. The intraclass correlation coefficient was calcu-
lated to compare the T1, MMF, TWPD, BWPD, PWPD, and
MMPD in all datasets estimated by the readers.

To investigate the repeatability of the developed UTE-MRI
protocol, the lower legs of 3 healthy young volunteers were
scanned 3 times at 2-h intervals. Subject positioning, coil
setup, and the described sequences were repeated by one
operator. In addition to visual comparisons between scans, the
average, SD, and coefficient of variation (ie, standard devia-
tion/average) of MMF and proton densities were calculated.

Statistical analysis

One-sample Kolmogorov–Smirnov test was used to deter-
mine whether the measured bone proton densities and DXA

T-scores in this study were normally distributed. The differ-
ences between the 3 participant groups (Young, OPe, and
OPo) were examined using the Kruskal–Wallis test by ranks.
Spearman’s correlation coefficients were calculated between
the TH DXA T-score and the MRI-based cortical bone mea-
sures. Differences and correlations with P-values below .05
were significant. The post hoc power analysis Student’s t-test
showed that we have 75% power of detecting a large effect
size of 1 (1 standard deviation difference) in comparisons
involving the OPe group (n = 14), while a large effect size of
0.7 in comparison between OPo and Young groups (n > 30).
The significance level for multiple comparisons was corrected
using the Holm–Bonferroni method. All statistical analyses
and image processing steps were performed using MATLAB
software (version 2017, The Mathworks Inc.).

Results

The mean age, height, weight, BMI, and TH T-score for each
group are presented in Table 1. Age differences between OPo
and OPe groups were not significant as examined by the
Kruskal–Wallis test by ranks. No significant differences were
observed in height, weight, and BMI between groups. The T-
score was significantly lower in the OPo than OPe group, as
expected based on the study design.

Figure 1 shows representative lower leg axial images
(healthy female participant, 25-yr-old) using the UTE and
IR-UTE Cones MRI sequences compared with the clinical
gradient echo (GRE) sequence. The UTE sequence detected a
significant signal in the tibial midshaft cortex, while the GRE
sequence resulted in signal voids for both. Compared with the
low contrast visualization of bone in UTE-MRI, the IR-UTE
MRI sequence visualized cortical bone with high contrast,
similar to those contrasts provided by computed tomography.
A representative ROI used for MRI analysis is depicted in the
UTE image of cortical bone (yellow dashed line).

Figure 2 demonstrates the generated water proton densities
(TWPD, BWPD, and PWPD), MMF, and MMPD maps for 3
representative subjects from the Young, OPe, and OPo groups,
respectively. For these examples, TWPD and PWPD values
were in the following ascending order: Young<OPe < OPo.
On the contrary, BWPD, MMF, and MMPD were in the
following ascending order: OPo < OPe < Young.

Table 2 presents the average and SD values of UTE-MRI
measures performed on the tibial bones of the 3 studied
groups. The independent measurements by the readers were
averaged to be compared between participant groups. Table 2
also presents the intraclass correlation coefficient (ICC) values
between these independent measurements, which were higher
than 0.96, indicating a high level of consistency between
readers.

The average coefficients of variation for TWPD, BWPD,
PWPD, MMF, and MMPD of the tibial bones from 3 repeated
acquisitions performed on 3 healthy young volunteers
(repeatability study) were 2.3 ± 0.4, 3.0 ± 0.5, 1.9 ± 0.3,
1.0 ± 0.3, and 2.5 ± 0.6% on average, respectively.

Percentage differences and the associated statistical sig-
nificances (P < .01 is significant after correction for multi-
ple comparisons) of all measured MRI biomarkers between
the Young, OPe, and OPo groups are presented in Table 3.
MMF, BWPD, and MMPD values were significantly lower
in OPo patients compared with the young group, while T1,
TWPD, and PWPD values were significantly higher in OPo
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Figure 1. Lower leg MR images in the axial plane of a representative healthy female participant (25 yr old) using (A) a clinical GRE sequence (TE = 8.3 ms
and TR = 790 ms), (B) UTE Cones MRI sequence (TE = 0.032 ms and TR = 50 ms), and (C) inversion recovery TE (IR-UTE) (TE = 0.032 ms, TI = 45 ms, and
TR = 100 ms). The tibial midshaft cortex is illustrated using a region of interest in the dashed line in Figure 1B.

Table 1. Subjects’ characteristics in studied groups.

Young OPe OPo

Number/gender 31/females 14/females 31/females
Age (yr) 28.0 ± 6.1 72.5 ± 6.8 72.0 ± 6.4
Height (m) 1.63 ± 0.11 1.58 ± 0.08 1.63 ± 0.10
Weight (kg) 58.7 ± 11.5 65.0 ± 20.7 58.1 ± 8.9
BMI (kg/m2) 22.1 ± 3.6 25.6 ± 6.0 22.0 ± 3.8
TH T-Score −1.90 ± 0.44 −2.59 ± 0.51

Ope, osteopenia; OPo, osteoporosis; TH T-Score, Total Hip DXA T-Score; BMI, Body mass index.

Figure 2. Generated water proton densities (TWPD, BWPD, and PWPD), macromolecular fraction (MMF), and MMPD maps for exemplary participants
from the Young group (first row, 35-yr-old female), OPe group (second row, 76-yr-old female), and OPo group (third row, 76-yr-old female). Visual comparison
between these examples shows that the TWPD and PWPD were in the following ascending order: Young < OPe < OPo. However, BWPD, MMF, and
MMPD were found in the following ascending order: OPo < OPe < Young.

patients compared with the young group. The largest dif-
ferences between the OPo and Young groups were found in
MMF (41.9%), PWPD (103.5%), and MMPD (64.0%) val-
ues. PWPD showed significantly higher (50.7%), while BWPD
showed significantly lower (16.4%) values in OPe patients
vs young subjects. Other UTE-MRI biomarkers showed non-
significant differences between the OPe and Young groups.
Remarkably, MMF values were found to be significantly

lower in OPo patients compared with OPe patients (27%
lower in OPo). Other UTE-MRI biomarkers showed non-
significant differences between the OPo and OPe groups.

Figure 3 presents the average, median, SD, and first and
third quartiles of MMF, TWPD, BWPD, PWPD, MMPD,
and T1 values for each group using the whisker’s boxplots.
Horizontal lines marked with an asterisk indicate the statisti-
cally significant differences between groups.
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Table 2. Average and SD of UTE-MRI measures for Young, OPe, and OPo groups.

T1
(ms)

MMF
(%)

T2MM
(ms)

TWPD
(mol/L)

BWPD
(mol/L)

PWPD
(mol/L)

MMPD
(mol/L)

Young 241 ± 21 62 ± 11 15 ± 1 25 ± 3 15 ± 3 10 ± 2 61 ± 42
OPe 262 ± 28 50 ± 10 15 ± 1 27 ± 5 13 ± 1 15 ± 4 35 ± 18
OPo 287 ± 32 36 ± 10 15 ± 1 32 ± 8 11 ± 3 21 ± 7 22 ± 11
ICC 0.96 ± 0.03 0.98 ± 0.01 0.99 ± 0.01 0.97 ± 0.02 0.98 ± 0.01 0.97 ± 0.02 0.96 ± 0.03

BWPD, bound water proton density; MMF, macromolecular fraction; MMPD, macromolecular proton density; Ope, osteopenia; OPo, osteoporosis; PWPD,
pore water proton density; TWPD, total water proton density; UTE-MRI, ultrashort echo time magnetic resonance imaging.

Table 3. Percentage differences of UTE-MRI measures between Young, OPe, and OPo groups.

Percentage difference (%) between cohorts

Young-OPe Young-OPo OPe-OPo

T1 8.4
(P = .10)

18.9
(P < .01)

9.8
(P = .08)

MMF −20.8
(P = .04)

−41.9
(P < .01)

−27.7
(P < .01)

T2MM 0.2
(P = .99)

1.1
(P = .23)

0.5
(P = .69)

TWPD 10.5
(P = .25)

25.2
(P < .01)

16.7
(P = .24)

BWPD −16.4
(P < .01)

−27.9
(P < .01)

−13.5
(P = .25)

PWPD 50.7
(P < .01)

103.5
(P < .01)

41.9
(P = .04)

MMPD −44.4
(P = .03)

−64.0
(P < .01)

−37.3
(P = .06)

BWPD, bound water proton density; MMF, macromolecular fraction; MMPD, macromolecular proton density; Ope, osteopenia; OPo, osteoporosis; PWPD,
pore water proton density; TWPD, total water proton density; UTE-MRI, ultrashort echo time magnetic resonance imaging.

Figure 3. The distribution of the (A) MMF, (B) TWPD, (C) BWPD, (D) PWPD, (E) MMPD, and (F) T1 values in the Young, OPe, and OPo groups shown as
Whisker Boxplots Average (marker in the box), median (line in the box), SD (box), and first- and third-quartile values (whiskers) are indicated in the boxplots.
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Table 4. Spearman’s rank correlation between T-score and UTE-MRI measures.

T1 MMF T2MM TWPD BWPD PWPD MMPD

T-score −0.50
(P < .01)

0.56
(P < .01)

−0.04
(P = .77)

−0.37
(P < .01)

0.41
(P < .01)

−0.55
(P < .01)

0.48
(P < .01)

T1 1.00 −0.69
(P < .01)

0.04
(P = .72)

0.41
(P < .01)

−0.53
(P < .01)

0.62
(P < .01)

−0.44
(P < .01)

MMF 1.00 0.01
(P = .96)

−0.50
(P < .01)

0.54
(P < .01)

−0.72
(P < .01)

0.82
(P < .01)

T2MM 1.00 0.14
(P = .23)

−0.06
(P = .59)

0.16
(P = .17)

−0.08
(P = .48)

TWPD 1.00 0.14
(P = .22)

0.90
(P < .01)

−0.24
(P = .04)

BWPD 1.00 −0.30
(P = .01)

0.43
(P < .01)

PWPD 1.00 −0.41
(P < .01)

MMPD 1.00

BWPD, bound water proton density; MMF, macromolecular fraction; MMPD, macromolecular proton density; Ope, osteopenia; OPo, osteoporosis; PWPD,
pore water proton density; TWPD, total water proton density; UTE-MRI, ultrashort echo time magnetic resonance imaging.

Table 4 presents Spearman’s rank correlation coefficients
and their significance levels between obtained UTE-MRI
measures and TH DXA T-score in postmenopausal partici-
pants. T1, MMF, TWPD, PWPD, and MMPD values showed
significant correlations with T-scores obtained from DXA
scans performed on patients’ hips. DXA T-score showed
the highest correlations with PWPD (R = 0.55) and MMF
(R = 0.56) values.

UTE-T1 correlation with MMF, BWPD, and PWPD
was moderate (0.53 < R < 0.69). MMF correlation with
T1, TWPD, BWPD, PWPD, and MMPD was moderate to
strong (0.50 < R < 0.82). TWPD and PWPD correlation was
strong (R = 0.90). The rest of the correlations were poor or
insignificant.

Discussion

This study investigated the differences in water proton den-
sities and macromolecular proton densities between young
subjects, OPe patients, and OPo patients. The UTE-MRI-
based water and collagen biomarkers investigated in this
study significantly differed between OPo patients and young
participants. The largest differences between OPo and Young
groups were found in MMF, PWPD, and MMPD (Table 3)
values. Interestingly, among the measured proton densities,
only PWPD was found to be significantly different between
the OPe and Young groups. As this increase in pore water
content may be the most dominant sign of OPe onset, it is
conceivable that PWPD could be used to monitor individuals
with bone disease risk.

Remarkably, MMF could distinguish between OPo and OPe
patients, with 27% lower values observed in the OPo group.
This highlights the potential capability of MMF, a measure
of bone collagen content, positioning it as a potential tool
for monitoring OPe patients before OPo advancement, or
OPo patients undergoing medical interventions. Such MRI-
based measures related to bone macromolecular content may
become more useful in monitoring patients who undergo
unsynchronized mineral and collagen deterioration, such as in
osteomalacia,37,38 which is yet to be investigated in future lon-
gitudinal studies. Notably, the relationship between absolute

collagen content and the presented UTE-MRI-based measures
(MMF and MMPD) still requires further ex vivo validation
(eg, Raman spectroscopy and Fourier-transform infrared spec-
troscopy techniques).

We have investigated the correlations between DXA T-score
measured at the hip and proton densities measured at the tibial
bone cortex in postmenopausal cohorts. T1, MMF, TWPD,
PWPD, and MMPD values showed significant correlations
with the T-score. It is likely that bone deterioration takes place
across the entire lower extremity at comparable rates, given
that UTE-MRI bone assessment of the tibial midshaft cor-
related significantly with the TH DXA T-score. Remarkably,
PWPD and MMF values showed the highest correlations with
DXA T-scores, in the range of our recently reported correla-
tions with porosity index and suppression ratio.24 Although
the tibial bone has not been reported as the prominent fracture
location in most OPo patients, it is commonly used to study
bone fractures as OP is a systematic disease affecting bone at
different sites (lower leg, upper leg, wrist, spine, etc.). Since the
tibial midshaft has a relatively thick cortex, a robust investi-
gation of the UTE-MRI application has become possible in
this study without encountering thin bone with sophisticated
morphology in the hip.

The feasibility of in vivo assessment of TWPD, BWPD,
PWPD, MMF, and MMPD was investigated in a prior study,
where elderly participants demonstrated higher TWPD and
PWD values but lower BWPD, MMF, and MMPD values
compared with young participants.32 Although this should
be thoroughly investigated in future studies, the MRI-based
proton densities estimated in this study are hypothesized to
relate to bone microstructural and mechanical properties.
Specifically, earlier ex vivo investigations on human cortical
bone demonstrated that bone microstructural and mechanical
properties were significantly correlated with water proton
densities and MMF.20,21,31-33 Specifically, significant correla-
tions were reported between TWPD in human cortical bone
and its μCT-based microstructural properties.32,39 BWPD
has shown significant correlations with the cortical bone
mechanical properties,18,40 though some studies were unable
to reproduce this trend.32 MMF from UTE-MT modeling
strongly correlated with human bone microstructural parame-
ters confirmed μCT analysis and histomorphometry,31,41 and
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with mechanical properties.31-33,41 Notably, the estimated
water proton density measures were found to be in the range
of previously published values.23,42,43

Performing a similar panel of the UTE-MRI sequences on a
1.5 T scanner, which is more ubiquitous in clinics, is feasible
after some sequence optimization. Longitudinal relaxation
time T1 will be shorter at 1.5 T. The inversion time (TI) needs
to be adjusted to null pore water signal for selective imaging
of bound water in the cortical bone as we use in the IR-UTE
sequence. The signal-to-noise ratio efficiency will be lower at
1.5 T. On the other hand, pore water T2∗ will be longer at 1.5
Tesla, making it easier to distinguish the bound water with an
ultrashort T2∗ from the pore water with a long T2.

An accurate estimation of water proton densities in bone
requires several considerations to be included in the equations,
such as the different relaxation times (T1 and T2∗) of bone
and the external references, the spatial variation in coil sen-
sitivity, in addition to the radiofrequency (RF) pulse duration
and its inhomogeneity within the FOV (influencing the actual
FA).44 The T2∗ term in the proton density measurement
could be neglected [Appendix I, eqn. (A1)] as its values were
comparable between the external reference phantom and the
cortical bone. The T1 effect on the TWPD calculation in PD-
weighted 3D UTE sequence could be neglected because of the
short T1-TW of cortical bone, when utilizing a relatively long
TR and low FA. However, T1-TW measurement was performed
as the requirement of MT modeling. To ensure an accurate
T1-TW measurement, the B1 inhomogeneity was corrected
by considering the actual FA instead of the nominal FA.36

Assuming a typical uniform IR-UTE signal in cortical bone
and using a constant value for T1-BW from the literature for
all subjects (T1-BW = 135 ms) was practical and accurate for
BWPD estimation.35

This study was limited in 6 main aspects. First, although
the presented MR protocols and techniques were translated
to in vivo applications, only a limited number of patients were
recruited for this study. The developed techniques need to be
examined on a larger group patients, to verify the potential
clinical applications in monitoring OPo disease. Second, due
to a 40-min scan time, some patients may not be able to
remain still for the duration of the scan time. Different MR
accelerating techniques have been suggested, such as stretch-
ing the readout trajectory, that could be used to accelerate
the Cones UTE sequences and reduce the total scan time to
nearly 20 min, with negligible resultant errors.45 Moreover,
using a reasonable constant value for T1 while excluding T1
measurement (∼20 min of scan time) could be feasible. Future
in vivo studies may help generate a T1 selection chart as a
function of age, as there is a strong age dependence in T1
relaxation.46 In situations with limited time and resources,
as in clinical cases, calculating PWPD and MMF are the
2 recommended biomarkers that are more discriminatory
and show higher correlations with DXA-T-score than other
biomarkers. TWPD can replace PWPD, as they were strongly
correlated in our results. Third, the presented MR technique in
this study did not consider the fat presence impact on cortical
bone measures, particularly in regions near the endosteum. It
is assumed that the fat signal contribution is likely comparable
to PW signal in the UTE images.47 However, the potential
chemical shifts influencing the water and collagen proton
densities should be studied in a future investigation. Perform-
ing UTE sequences combined with different fat suppression
methods, including IDEAL multi-echo acquisition,48 2-point

or single-point Dixon,49 and water excitation,50 could be a
feasible path in future studies. Fourth, the diagnosis of dia-
betes, renal, thyroid, and parathyroid diseases, history of
fracture, smoking, alcohol consumption, or current medi-
cation, all of which may influence bone health, have not
been recorded for the included patients in this study. Future
investigations should consider controlling such important fac-
tors between studied groups. Fifth, the measurements in this
study were performed on a single slice in the middle of
scanning coverage (middle of the tibial shaft), which was
consistently selected by an experienced operator. However,
potential bone variations along the tibia likely influenced
the presented results in this study. ROI selection through all
image slices, potentially using an automatic approach may
help to investigate the variations of the proposed MRI mea-
sures across the entire scanned volumes. Future investigations
should also focus on the potential size dependency in the
quantitative MRI measure presented in this study that may be
influenced by the size of the bone in subjects and the selected
ROIs. Sixth, DXA scans and analyses were not performed by
the investigators to confirm their accuracy. The provided DXA
reports by patients were from 3 different medical facilities,
the scanners were different, and the recorded information was
incomplete for all reports. Therefore, only the TH T-score
was used in this study, which was common in all patients’
documents and could be trusted regardless of the differences
in the methods. Future investigations should ensure rigorous
study design for both MRI and DXA analyses.

Conclusion

We investigated the differences in water and macromolecular
contents measured with UTE-MRI in tibial cortical bone,
between female post-menopausal OPe and OPo patients and
young participants. MMF, BWPD, and MMPD were signifi-
cantly lower in OPo patients compared with the young group,
whereas T1, TWPD, and PWPD were significantly higher
in OPo patients. The largest OPo/Young average percentage
differences were found in MMF, PWPD, and MMPD. PWPD
was significantly higher, while BWPD was significantly lower
in OPe than in the Young group. Remarkably, MMF was
significantly lower in OPo vs OPe group. MMF and PWPD
showed significant correlations with the DXA-T score. There-
fore, they were recommended to evaluate individuals with
OPe and OPo.
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Appendix I

Estimating the TWPD

Comparing the UTE MRI signal of bone with the external
reference signal can provide an estimation of the TWPD in the
cortex.12,15,28,42,43,51 Ernst equation can be used to predict the UTE-
MRI [eqn. (A.1)].44

SIBone (TE) ∝ 1 − e−TR/T1−TW

1 − cosθ × e−TR/T1−TW
× e−TE/T∗

2−TW × TWPD, (A.1)

where θ , TR, and T1-TW are flip angle (FA), repetition time, and the
spin–lattice relaxation time of total water, respectively. By acquiring a
PD-weighted UTE MRI, we can simplify the equation while avoiding
significant potential errors. This can be achieved by using an ultrashort
TE of 32 μs, a relatively long TR equal to 50 ms, and a low FA equal
to 10◦. Moreover, as mentioned in the Discussion section, the T1 and
T2∗ effects can be neglected because the excitation pulse duration is
very short and the T2∗

REF and T2∗
TW are much longer than the TE

in this study. As a result, eqn. (A2) can be used to estimate TWPD by
comparing the UTE signals of the external reference and the cortical
bone.

TWPD ≈ SIUTE
Bone

SIUTE
REF

× η × ρREF, (A.2)

where ρREF and η and are the proton density of the external reference
and the coil sensitivity, respectively.
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Estimating the BWPD

Comparing the IR-UTE MRI signal of bone with the external ref-
erence signal can provide an estimation of the BWPD in the cor-
tex.12,15,28,42,43,51 Equation (A.3) can be used to predict the IR-UTE
signal approximately if a complete saturation of BW signal can be
assumed (ie, an efficient pore water nulling).44 Therefore, eqn. (A.4)
can be used to estimate BWPD, which compares the IR-UTE signals
of the external reference and the cortical bone (T2∗

BW ≈ 350 μs,
T2∗

REF ≈ 350 μs, T1-REF ≈ 6 ms, and TE = 32 μs).

SI(t)IR−UTE ∝
(
e−TI/T1−BW

)
× sin θ × e−TE/T∗

2 × BWPD (A.3)

BWPD ≈ SIIR−UTE
Bone

SIIR−UTE
REF

× η × ρREF × 1

1 − e−TI/T1−BW
, (A.4)

where T1-BW refers to the T1 of BW.

Estimating the PWPD

As presented in eqn. (A.5), subtracting BWPD from TWPD results in
PWPD estimation.

PWPD = TWPD − BWPD (A.5)

Estimating the MMPD

The estimated TWPD in eqn. (A.2) combined with the MMF measured
from the 2-pool MT modeling can be used to calculate MMPD.30,52

MMF is the macromolecular proton fraction, an output from MT
modeling, which is defined as the ratio between MMPD and TWPD
(TWPD+MMPD). Thus, eqn. (A.6) can be used to calculate MMPD.

MMPD = TWPD × MMF
1 − MMF

(A.6)
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