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Abstract

Ultrashort echo time (UTE) MRI can image and consequently enable quantitative assessment

of cortical bone. UTE-MRI-based evaluation of bone is largely underutilized due to the high

cost and time demands of MRI in general. The signal ratio in dual-echo UTE imaging, known

as porosity index (PI), as well as the signal ratio between UTE and inversion recovery UTE
(IR-UTE) imaging, known as the suppression ratio (SR), are two rapid UTE-based bone evaluation
techniques (~ 5 mins scan time each), which can potentially reduce the time demand and

cost in future clinical studies. This study aimed to investigate the correlations of Pl and SR
measures with cortical bone microstructural and mechanical properties. Cortical bone strips
(n=135) from tibial and femoral midshafts of 37 donors (61+24 years old) were scanned using

a dual-echo 3D Cones UTE sequence and a 3D Cones IR-UTE sequence for Pl and SR
calculations, respectively. Average bone mineral density, porosity, and pore size were measured
using microcomputed tomography (UCT). Bone mechanical properties were measured using
4-point bending tests. The pCT measures showed significant correlations with Pl (moderate

to strong, R=0.68-0.71) and SR (moderate, R=0.58-0.68). Young’s modulus, yield stress, and
ultimate stress demonstrated significant moderate correlations with Pl and SR (R=0.52-0.62) while
significant strong correlations with UCT measures (R>0.7). Pl and SR can potentially serve as fast
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and noninvasive (non-ionizing radiation) biomarkers for evaluating cortical bone in various bone
diseases.
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1. INTRODUCTION

Magnetic resonance imaging (MRI) has been increasingly used for cortical bone assessment
[1-9], first to avoid exposure to ionizing radiation associated with x-ray-based techniques
[5,10-12] and second to provide an opportunity for simultaneous evaluation of the
surrounding soft tissues [13]. Notably, clinical MRI is not able to detect a considerable
signal from cortical bone due to its ultrashort apparent transverse relaxation time (T2%).
However, ultrashort echo time (UTE) MRI can image cortical bone, consequently enabling
quantitative assessment of cortical bone [5-8,10,14-19]. Typically, UTE-MRI techniques
can acquire the bone signal in less than fifty microseconds after radiofrequency (RF)
excitation and before a significant decay in transverse magnetization.

UTE-MRI-based evaluation of bone is underutilized partly due to the high cost and time
demands of MRI in general. For these reasons, different research groups have focused on
developing rapid and efficient UTE-MRI-based methods to facilitate clinical translational
imaging of bone. The signal ratio calculation in dual-echo UTE imaging [20] and the
signal ratio between UTE and inversion recovery UTE (IR-UTE) [21] are two remarkable
examples of rapid UTE-based bone evaluation techniques, each of which takes less than
5 minutes. It should be noted that the required time for PI and SR measures depends on
the UTE acquisition techniques, which can be two-dimensional (2D) (using cartesian or
radial trajectories) [22,23] or three-dimensional (3D) (using cartesian, radial, spiral, or cones
trajectories) [9]. In general, a 2D UTE sequence is faster than a 3D UTE sequence, and a
spiral acquisition is faster than a radial or cartesian acquisition.

Cortical bone is mainly comprised of a mineral matrix (~40% by volume), organic matrix
(~30%), and water (~20%) [24,25]. In healthy bone, most of the water is bound to the
organic and mineral matrices which is called “bound water” (BW) [5,26-31]. A smaller
portion of bone water called “pore water” (PW) resides in different pores such as Haversian
canals (10-200 um), lacunae (1-10 pm), and canaliculi (0.1-1 um) [24,26]. The T2* of PW
is typically above 2 ms which is significantly higher than the T2* of BW which is around
0.3 ms [8,32-34]. Therefore, it can be hypothesized that there is no contribution from BW
protons in any acquired MRI signal at TEs above 2 ms (the signal is mainly from PW

and fat residing in the macroscopic pores of cortical bone). Based upon this assumption,
Rajapakse et al. [20] proposed a dual-echo UTE imaging technique to calculate the so-called
porosity index (PI), which is the signal ratio between two MRI images, one with UTE (TE
< 0.05ms) and one with TE = 2.2 ms (where bound water signal has decayed to near zero,
and pore water and fat signals are in-phase at 3T). The first echo image represents the

total detectable signal from bone, including BW, PW, and fat. The second echo represents
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mostly PW and fat signals (no BW signal). Therefore, the signal ratio between the two
images is hypothesized to correlate with the pores’ volume (filled with PW and/or fat)

to the total volume. Although this technique does not estimate the absolute PW content

or fat content, it gives an estimation of bone porosity. In previous validation studies, Pl

in a limited number of human cadaveric tibiae has shown significant correlations with
UCT-based porosity (n=16), donor age (n=16), mechanical compression stiffness performed
on whole-cross-section tibial specimens (n=18), and collagen estimation from near-infrared
spectroscopy (n=18) [20,35].

Li et al. have proposed another UTE-based rapid technique for cortical bone evaluation,
called the suppression ratio (SR), defined as the ratio between the bone UTE signal and

the UTE signal after long-T2 suppression performed via dual-band saturation-prepared UTE
(DB-UTE) or IR-UTE [21]. As mentioned before, the UTE image represents the total
detectable signal from bone, including BW, PW, and fat, while the IR-UTE image represents
only the BW signal. Therefore, a higher SR value means higher PW and fat signals,

which imply a higher porosity value. In previous ex vivo validation studies of a limited
number of specimens (n=13), SR demonstrated significant correlations with pCT-based bone
porosity and donor age [21]. SR performed in vivo demonstrated significant correlations
with volumetric bone mineral density and participants’ age [21].

The goal of this study was to investigate the correlations of Pl and SR measures of 135
cadaveric human cortical bone specimens with the microstructural and tensile mechanical
properties obtained from four-point bending tests. This study examines the performance of
such rapid UTE-based techniques beyond the feasibility studies performed by the original
developers.

2. MATERIALS AND METHODS

2.1. Sample preparation

One hundred thirty-five cortical bone specimens were harvested from the tibial and femoral
midshafts of 37 donors (61+24 years old) provided by a non-profit whole-body donation
company (United Tissue Network, Phoenix, AZ). The middle parts of the tibial and femoral
shafts were cut into 40 mm segments using a commercial band saw. One to three rectangular
bone strips were excised from each segment using a low-speed diamond saw (Isomet

1000, Buehler, IL). The final dimensions of the rectangular bone strips were approximately
4Ammx2mmx40mm. Bone strips were kept frozen on average for two weeks before MRI
scans. After being thawed, bone strips were immersed in phosphate-buffered saline (PBS)
for four hours at room temperature before the MRI scans to compensate for potential
dehydration occurred throughout the specimen preparation. Finally, strips were randomly
distributed into eight groups and placed in 30-mL syringes (15-20 strips per syringe) filled
with perfluoropolyether (Fomblin, Ausimont, Thorofare, NJ) to minimize dehydration and
susceptibility artifacts.
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2.2. UTE-MRI protocol

The UTE-MRI scans were performed on a 3T clinical scanner (GE Healthcare, Waukesha,
WI1) using a homemade 1-inch diameter transmit/receive birdcage coil. The UTE-MRI scans
involved a) the dual-echo 3D Cones UTE sequence (repetition time (TR) = 100 ms, TE =
0.032 and 2.2 ms, flip angle (FA) = 10°) for Pl measurement (Eq. 1) [20] and, b) the 3D
Cones IR-UTE sequence (TR = 100 ms, Tl = 45 ms, and TE = 0.032 ms, FA = 20°) for
SR calculation (Eg. 2) [21]. The adiabatic inversion pulse used in this study was centered
at —220 Hz from the water peak. The IR pulse with a spectral bandwidth of 1150 Hz
provides robust coverage of fat and pore water peaks. The IR pulse duration was 8.6 ms.
Other imaging parameters included: field of view (FOV) = 40 mm, matrix size = 160x160,
in-plane pixel size = 0.25 mm, slice thickness = 2 mm, receiver bandwidth = 125 kHz, and
total scan time ~ 10 mins.

PI= 2nd Echo Signal (TE = 2.2 ms)
" UTE signal (TE = 0.032 ms)

Eq. 1

UTE signal (TE = 0.032 ms)

SR = TR UTE signal (TE = 0.032 ms)

@

2.3. Micro-computed tomography (UCT)

Bone strips inside the 30-mL syringes were scanned using a Skyscan 1076 (Kontich,
Belgium) uCT scanner at 9 um isotropic voxel size. For measuring BMD in addition to
bone porosity, specimens were scanned in the presence of two hydroxyapatite phantoms
(0.25 and 0.5 gr/cm3). Other scanning parameters were as follows: a 0.05 mm aluminum
filter in addition to a 0.038 mm copper filter, 100 kV, 100 mA, 0.3° rotation step, and five
frame-averaging. The total pCT scan time was twelve hours for all bone strips.

The pCT image segmentation was performed by gray level thresholding. The gray level
threshold was selected for each set of uCT data using the gray level histograms and visual
investigation of the bone-pore interface in raw uCT images. Microstructural properties of
each bone strip were calculated in a stack of 200 pCT slices in the middle of the bone strips,
which corresponded to the 2 mm slice of MRI images. Bone porosity was estimated as the
ratio of the number of voxels in pores to the total number of voxels included in each bone
strip. Pore size was also calculated as the diameter of the largest covering sphere. Local
BMD at each voxel was calculated using a linear function of the voxel’s gray level, which
is determined based on the obtained gray levels of the two known BMD phantoms. Average
pore size and BMD were calculated for each bone strip over the abovementioned 200 uCT
slices.

2.4. Mechanical properties measurement

The tensile mechanical properties of each bone strip were measured using a four-point
bending setup [36]. It is assumed that the tensile side of a bone strip (brittle material) fails
under bending because of lower tensile properties compared with compressive properties
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in such materials. The actual assembled four-point bending setup is illustrated in Figure

1A. The setup was comprised of four tungsten carbide pins (3-mm diameter) mounted

on two aluminum holders. The upper holder was connected to the hydraulic actuator of

a mechanical testing machine (model 8511.20, Instron, Norwood, MA, USA). The lower
aluminum holder was connected to a 4500 N load cell (Sensotec 1000 LBS). Each bone strip
was positioned on the lower pins. The contact between loading pins and the bone strip was
achieved by manually lowering the actuator. The mechanical failure test was performed in
the displacement-controlled mode for 30 to 60 seconds at 0.1 mm/s until specimen fracture
while the applied force was continuously recorded.

Stress-strain (o-¢) relation curve on the beam’s surface, which experiences the highest
mechanical stress in bending between loading pins (middle of the beam length) was
determined from the measured force and displacement data, as well as from the accurate
UCT-based bone strip dimensions. As described in more detail in previous studies [33,37],
ASTM C1674 protocol (for specimens with relatively large pores, pore/thickness >15) [38],
and a Weibull modulus [39,40] of four were considered to correct the estimated stresses.
Modified stresses were used in determining the stress-strain curves (Figure 1B). Young’s
modulus of elasticity (E) was determined from the linear section of the stress-strain curve.
A yield point was defined at a point on the curve where the curve deviated by a strain of
0.002 from the linear part of the curve described by Young’s modulus [36]. The yield point
was used to determine both yield stress (o) and yield strain (ey). The maximum stress and
its corresponding strain were assigned to the ultimate stress (o) and ultimate strain (e)),
respectively. The failure energy or work to failure (Wg) was defined as the area below the
stress-strain curve.

2.5. Statistical analyses

Normal distribution of Pl and SR values, porosity, pore size, and mechanical variables were
examined using the Kolmogorov-Smirnov test. Spearman’s rank correlations were calculated
between the rapid UTE-MRI indices (Pl and SR), microstructural parameters (porosity

and pore size), and mechanical properties (Young’s modulus, yield stress, ultimate stress,
and failure energy), assuming all specimens were considered to be independent of each
other. Spearman’s correlations were repeated using one averaged sample per donor to avoid
the potential impact of the specimens’ interdependencies on the statistical analysis. The
number of specimens per donor was not constant (1-4 samples per donor) and the harvesting
location was not consistent for all specimens (e.g., anterior or posterior side of femur and
tibia), therefore the averaged measures per donor were used instead of a randomly selected
sample per donor. Correlations with P-values below 0.05 were considered significant. All
measurements and models were performed using MATLAB (version 2017, The Mathworks
Inc., Natick, MA, USA) codes developed in-house.

3. RESULTS

Figure 2A shows the UTE-MRI image (TE = 0.032 ms) of twenty bone strips in a 30-ml
syringe scanned in the axial plane, showing the 4mm x 2mm cross section of samples.
Figure 2B and 2C show the 2" echo MRI image at TE = 2.2 ms and IR-UTE image,
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respectively, for the same specimens. The pCT images of two representative cortical bone
strips with different porosities are shown in Figure 2D, with 15% and 33% average
porosities, respectively. Specimens | and I, indicated with yellow dashed-line boxes in
Figure 2A, were harvested from a 47-year-old male and a 57-year-old female, respectively.
Specimen 11 obviously shows higher signal in UTE and 2" TE images.

Figure 3A and 3B illustrate the Pl and SR pixel maps, respectively, for the bone specimens
shown in Figure 2. Between the two representative samples highlighted in Figure 2,
specimen Il demonstrates higher Pl and SR values compared with specimen I.

The average, standard deviation (SD), and ranges of MRI, uCT, and mechanical properties
of bone strips are presented in Table 1.

Spearman’s correlations between MRI-based measures (Pl and SR) and microstructural and
mechanical properties are presented in Table 2, assuming all specimens were considered to
be independent of each other (n=135). The uCT measures showed significant correlations
with Pl (moderate to strong, R=0.68-0.71) and SR (moderate, R=0.58-0.68). Young’s
modulus, yield stress, and ultimate stress demonstrated significant moderate correlations
with Pl and SR (R=0.52-0.62) while significant strong correlations with pCT measures
(R>0.7). PI correlates higher than SR with microstructural and mechanical properties. Pl and
SR were significantly correlated.

Spearman’s correlations between MRI-based measures and microstructural and mechanical
properties are presented in the supplemental Table 1S when one averaged sample per donor
was included in the statistical analysis. A similar range of correlations with slight differences
was obtained by including only one averaged sample. Specifically, the correlations between
MRI and pCT measures increased slightly by including one sample per donor while
correlations with mechanical properties decreased slightly.

Figures 4 demonstrates the scatter plots and the linear trendlines of Pl and SR versus
UCT-based BMD, porosity, and pore size. As expected, the higher the Pl and SR, the higher
the porosity and pore size.

Figures 5 illustrates the scatter plots and the linear trendlines of Pl and SR versus Young’s
modulus, yield stress, ultimate stress, and failure energy, respectively. As expected, bone
mechanical properties were lower for specimens with higher PIl and SR.

4. DISCUSSION

This study examined the correlations of two reported rapid UTE-MRI-based indices, Pl and
SR, with microstructural and mechanical properties of human cortical bone strips. Rapid
UTE-MRI-based techniques for bone assessment, such as Pl and SR, can be considered /in
vivo-translatable techniques due to their simplicity, time efficiency, and, importantly, their
noninvasive and ionizing-radiation-free nature.

This investigation was performed on a considerably large number of bone specimens (n =
135 from 37 donors) compared with the previous feasibility and validation studies (n<18)
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[20,21,35]. Since an ideal bone assessment technique is expected to be able to detect intra-
and inter-patient differences, using a few specimens per donor in this study is considered
reasonable. However, the calculated correlation coefficients and their statistical significance
might be affected by the interdependencies between specimens. It should be noted that a
similar range of correlations was obtained when only one averaged sample per donor was
included in the statistical analysis of this study (n=135 in Table 2, n=37 in Table 1S).

The previously reported correlations of Pl and SR with pCT-based structural parameters
(R~0.9 [20,21]) were much higher than the values demonstrated in this study. Such
differences might be due to variations in the number and type of specimens (tibial shaft
cross-section versus cortical bone strips), the MRI and PCT scanners, the employed coils,
scanning protocols, and especially the performance of the IR-UTE pulse sequence. The
IR-UTE imaging protocol with a shorter TR/TI combination in this study is likely to provide
more efficient suppression of pore water and, thus, more selective imaging of bound water
in cortical bone than prior approaches in which significantly longer TRs and Tls were used
[20,41].

Tensile mechanical properties in uniform beams under bending conditions were investigated
in this study. Mechanical compression tests were previously performed on whole-cross-
section tibial specimens in order to investigate the correlation between Pl and mechanical
properties [35]. However, obtained mechanical properties in such compression tests are not
only related to the average bone quality but also the cross-sectional area and shape of the
tibial shaft. Moreover, it is challenging to assume uniform mechanical properties for whole-
cross-section tibial specimens. In the current study, bone strips with known cross-sections
undergoing four-point mechanical bending tests were used to avoid the bone cross-section
influence on the results. This study was the first to investigate the SR correlations with
mechanical properties. Young’s modulus, yield stress, and ultimate stress demonstrated
significant moderate correlations with Pl and SR. In comparison to SR, Pl showed higher
correlations with microstructural and mechanical properties.

In addition to Pl and SR, other UTE-MRI-based methods have been investigated in the
literature for their correlations with cortical bone mechanical properties [6-8]. Remarkably,
the correlation coefficients between mechanical properties and other more sophisticated
UTE-based techniques have been in the range of correlation coefficients achieved by

the rapid UTE-MRI-based indices (Pl and SR). Fernandez et al. [42] found negative
correlations between bone mechanical properties and total water content in whole cross-
sections of long bones measured by NMR spectroscopy at 9.4T magnetic field (n=11,
R=0.72-0.77). Horch et al. and Nyman et al. [27,43] demonstrated significant positive
correlations between estimated BW pool from NMR spectroscopy at 4.7T magnetic field
and cortical bone mechanical properties in bone strips (n=18, R=0.60, and n=40, R=0.82).
They also showed significant negative correlations between PW pool and mechanical
properties (=18, R=0.45, and n=40, R=0.78). Later, Horch et al. [3] used UTE-MRI at 4.7T
magnetic field for direct imaging of BW and PW and reported significant correlations with
mechanical properties of bone strips (n=14, R=0.68-0.83). Granke et al. [44] investigated
the correlations between bone NMR spectroscopy results of PW and BW peaks at 4.7T
magnetic field with human bone fracture toughness. They found significant correlations
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between NMR-derived BW fraction and fracture toughness properties of cortical bone strips
(n=62, R=0.63). Bae et al. [45] presented significant correlations between bicomponent
T2* fitting results performed at 3T magnetic field and the mechanical properties of human
cortical bone strips (n=44, R=0.54). Later, Manhard et al. [46] studied the correlations
between direct imaging of PW and BW contents at 3T with bone fracture toughness

in whole cross-sections of long cortical bone. They found that BW content significantly
correlated with toughness, defined as the energy dissipated during fracture (n=20, R=0.51).
Chang et al. [47] found significant correlations between bone mechanical properties and
magnetization transfer ratio (MTR) between collagen and water pools at 3T (n=122,
R=0.55). Jerban et al. employed a UTE-based two-pool MT modeling to measure collagen
proton fraction at 3T and observed significant correlations with bone strips’ mechanical
properties (n=156, R=0.60-0.61) [48]. Recently, Jerban et al. used tricomponent T2* fitting
results performed at 3T to consider the fat content in cortical bone, which showed significant
correlations with mechanical properties of human cortical bone strips (n=135, R=0.58-0.62)
[33].

It should be noted that the required scan time for all mentioned UTE MRI techniques

can be improved by different acceleration techniques such as spokes stretching in Cones
[49], compressed sensing [50,51], and parallel imaging [52,53]. Since both Pl and SR
measurements require only two acquisitions, they may be faster than other techniques which
require multiple acquisitions [30,32-34,37,53-58] if similar acceleration techniques are
utilized. This applies to other rapid techniques that use only two acquisitions, such as the
PW and BW direct imaging techniques, employed by Horch et al. [3] and Manhard et al.
[46], as well as the MTR technique employed by Chang et al. [47].

This study had a number of limitations. First, this study was performed ex vivo on bone
specimens cut from pure cortical bone layers, with bone marrow and surrounding muscles
removed with a scalpel. The presence of fat, muscles and other soft tissues, lower spatial
resolution, a higher body temperature [19], and subject motion will all contribute to the
reduced performance of all UTE-MRI-based imaging techniques /in7 vivo compared with
ex vivo studies. Second, PI correlation coefficients with microstructural and mechanical
parameters were higher than those of SR. The calculated value for SR is related to the
selection of TR and TI, which was based on our experience with SNR improvement

and efficient PW signal nulling. Theoretically, each TR/TI combination can only null
long-T2 species with a single T1, especially when the TR is long. Our past simulation
and experimental studies [54,55] suggest that a shorter TR/TI combination provides more
efficient long-T2 signal suppression than a longer TR/TI combination in IR-UTE imaging.
The shorter TR/TI combination improves the suppression of long-T2 species with a broad
range of T1s. This is especially important in selective imaging of BW in cortical bone,
where PW may have a broad range of T1s due to the surface relaxation mechanism (i.e.,
water in smaller pores and that closer to pore surfaces may have higher T1 relaxation
rates) [56]. On the other hand, using a shorter TR results in a lower SNR in the IR-UTE
images which may affect the quantitative measures. Therefore, a systematic comparison
between various TRs, TR/TI combinations, and FAs in IR-UTE remains to be investigated
for selective imaging of bound water in cortical bone. Moreover, comparisons with dual-
adiabatic IR pulses (invert and null signals from fat and PW separately) [57-60] can help
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optimize the SR measurement. Third, the IR-UTE data acquisition can be affected by the
B1 inhomogeneity over the investigated specimens within the employed coil. Supplemental
Figure 1S shows the measured B1 map for one set of specimens in this study. Although

the B1 field was reasonably homogenous for most of the investigated specimens, some
inhomogeneities were seen near the lower and upper edges of the syringe. This B1 variation
was relatively small (<10%) and should not affect the long-T2 inversion efficiency as the
IR-UTE sequence used adiabatic inversion pulses, which are known to provide uniform
inversion even with a relatively inhomogeneous B1 field [61]. However, this B1 variation

is expected to affect the actual imaging flip angle, leading to minor errors in Pl and SR
measurements as the numerator and denominator in Eq.1 are affected similarly. Fourth,
despite the efforts to keep bone specimens wet, some degree of bone dehydration was
expected during the sample preparation steps. Although PBS may be different from the
actual intraosseous liquid in bone, soaking the specimens in PBS would presumably
compensate for the potential hydration with negligible impacts on the MRI properties.
However, its impact on the four-point mechanical test results needs more investigation. Fifth,
accurate medical records of the donors were not available to be considered in the exclusion
criteria. Some diseases such as diabetes are suspected to impact cortical bone mechanical
properties independently from their porosity [62—65], thus including such donors in this
study might affect the investigated correlations.

5. Conclusion

The correlations of two recently developed rapid UTE-MRI-based indices, Pl and SR, were
investigated with microstructural and mechanical properties of human cortical bone strips.
Pl and SR can be considered noninvasive, ionizing-radiation-free, and c/inically translatable
due to their simplicity and time efficiency. Pl and SR showed significant correlations

with microstructural (BMD, porosity, and pore size) and mechanical properties (Young’s
modulus, yield stress, and ultimate stress) of cortical bone specimens. Pl correlated better
than SR with the microstructural and mechanical properties of bone strips. This study
highlighted P1 and SR, as potential rapid techniques to assess cortical bone mechanical
properties and intracortical bone microstructure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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3D three-dimensional

3D-UTE three-dimensional ultrashort echo time imaging
RF radio frequency

FOV field of view

ROI region of interest

TE echo time

TR repetition time

CT computed tomography

uCT micro-computed tomography
FA flip angle

BMD bone mineral density

PBS phosphate-buffered saline

Pl porosity index

SR suppression ratio
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Figure 1:
(A) Prepared bone strips mounted on the fabricated four-point bending jigs (aluminum

holders and tungsten carbide pins) mounted on an Instron 8511.20 machine. The
experiments were displacement-controlled at 0.1 mm/s rates when the force was recorded.
(B) Schematics stress-strain curve for calculating the mechanical properties such as Young’s
modulus (E), yield stress (ovy), yield strain (ey), ultimate stress (o), ultimate strain (ey),
and failure energy (Wj).
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Figure 2:
(A) UTE-MRI (TE = 0.032 ms), (B) 2nd echo MRI image at TE = 2.2 ms, and (C) IR-UTE

(TE = 0.032 ms) images of twenty cortical bone strips with 4mmx2mm cross-sections.
(D) uCT images of two representative cortical bone strips from a 47-year-old male and a
57-year-old female, with 15% and 33% average porosities, respectively.
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Figure 3:
(A) MRI-based porosity index (PI) and (B) suppression ratio (SR) pixel maps calculated for

the twenty cortical bone strips shown in Figure 2. Specimen |1 (porosity of 33%, the lower
sample in Figure 2D) demonstrates higher Pl and SR values than specimen | (porosity of
15%, the upper sample in Figure 2D).
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Scatterplots and linear trendlines of Pl and SR versus pCT-based BMD, porosity, and pore
size. R? values were calculated from Spearman’s correlation coefficients.
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Figure 5:
Scatterplots and linear trendlines of Pl and SR versus Young’s modulus, yield stress,

ultimate stress, and failure energy, respectively. R? values were calculated from Spearman’s
correlation coefficients.
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Table 1:

The average, standard deviation (SD), and ranges of MRI, uCT, and mechanical properties of 135 bone strips.

PI SR BMD Porosity Poresize  Young’s modulus  Yield stress  Ultimate stress  Failure energy
(%) (A.U) (gr/icm3) (%) (mm) (GPa) (MPa) (MPa) (MJ/mm3)
26.0+8.3 24405  0.9+0.2 235+12.6 0.14+0.07 10.3+6.5 100.2+60.7 136.1+80.5 2.8+2.0
[12.5-52.0] [1.7-43] [0.5-1.2] [3.2-54.9] [0.06-0.37] [0.5-34.1] [6.7-299.4] [10.1-390.9] [0.3-9.2]
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Table 2:

Spearman’s correlation coefficients between MRI-based measures and microstructural and mechanical
properties of cortical bone strips. All bone strips were considered as independent samples (n=135).

. : Young’s . Ultimate Failure
PI SR BMD Porosity  Pore size modulus Yield stress stress energy

Pl 1.00 0.79 -0.68 0.71 0.71 -0.57 -0.60 -0.62 -0.51
: (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01)

SR 0.79 1.00 -0.63 0.68 0.58 -0.53 -0.52 -0.55 -0.46
(<P<0.01) ' (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01)

BMD -0.68 -0.63 1.00 -0.93 -0.76 0.76 0.80 0.81 0.61
(P<0.01) (P<0.01) ' (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01)

Porosit 0.71 0.68 -0.93 1.00 0.80 -0.76 -0.78 -0.79 -0.59
Yy (<P<0.01) (P<0.01) (P<0.01) ' (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01)

Pore size 0.71 0.58 -0.76 0.80 1.00 -0.72 -0.77 -0.79 -0.63
(<P<0.01) (P<0.01>) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01) (P<0.01)
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