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A B S T R A C T

Ultrashort echo time magnetic resonance imaging (UTE-MRI) techniques have been increasingly used to assess
cortical bone microstructure. High resolution micro computed tomography (μCT) is routinely employed for
validating the MRI-based assessments. However, water protons in cortical bone may reside in micropores smaller
than the detectable size ranges by μCT. The goal of this study was to evaluate the upper limit of UTE-MRI and
compare its efficacy to μCT at determining bone porosity ex vivo. This study investigated the correlations be-
tween UTE-MRI based quantifications and histomorphometric measures of bone porosity that cover all pores
larger than 1 μm. Anterior tibial midshaft specimens from eleven donors (51 ± 16 years old, 6 males, 5 females)
were scanned on a clinical 3 T-MRI using UTE magnetization transfer (UTE-MT, three power levels and five
frequency offsets) and UTE-T2* sequences. Two-pool MT modeling and bi-component exponential T2* fitting
were performed on the MRI datasets. Specimens were then scanned by μCT at 9 μm voxel size.
Histomorphometry was performed on hematoxylin and eosin (H&E) stained slides imaged at submicron re-
solution. Macromolecular fraction from MT modeling, bi-component T2* fractions, and short component T2*
showed strong correlations (R > 0.7, p < 0.01) with histomorphometric total and large-pores (> 40 μm)
porosities as well as with μCT-based porosity. UTE-MRI could also assess small pores variations with moderate
correlations (R > 0.5, p < 0.01). The UTE-MRI techniques can detect variations of bone porosity comprised of
pores below the range detectable by μCT. Such fine pore variations can contribute differently to the development
of bone diseases or to the bone remodeling process, however, this needs to be investigated. In scanned speci-
mens, major porosity changes were from large pores, therefore the μCT employment was likely adequate to
validate UTE-MRI biomarkers.

1. Introduction

Cortical bone comprises approximately 80% of human bone mass
and plays a major role in load bearing [1,2]. Porosity in cortical bone
can determine bone mechanical properties and its fracture risk [3,4].
Employing magnetic resonance imaging (MRI) for cortical bone as-
sessment has become of great interest due to the relatively safe nature
of MRI compared to methods which use ionizing radiation such as

computed tomography (CT) [5–7]. Although clinical MRI shows void
signal for cortical bone, ultrashort echo time (UTE) MRI can image and
quantitatively assess cortical bone [5–14]. More specifically, UTE-MRI
can acquire signal several microseconds (8–32 microseconds depending
on the read out trajectory) after radiofrequency (RF) excitation (8–60
microseconds depending on the flip angle) before the rapid transverse
magnetization decay of cortical bone [1,2].

Water in bone exists in two main forms: first, bound to the collagen
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matrix (bound water) and second, as free water in bone pores (pore
water) [1,2]. Bound water can be considered an indirect measure of the
collagen matrix, while pore water represents the bone porosity, and
both can affect the mechanical properties of cortical bone [3,10,11,15].
Different quantitative UTE-MRI techniques have been reported to dis-
tinguish between bound and pore water, employing their significantly
different MRI properties [1,2,5–10,16–19]. Bi-component exponential
fitting of T2* signal decay has been used to distinguish and evaluate the
pore water and bound water fractions in bone [2,16]. Bi-component
fitting also provides the average T2* values of both pore and bound
water pools. Bi-component fitting results have shown good correlations
with intracortical bone porosity measured with high resolution micro
computed tomography (μCT) [16]. Other UTE-MRI techniques such as
dual-echo UTE imaging (i.e., porosity index) [8], direct pore water
imaging after nulling bound water [10], and tri-component T2* ana-
lysis by modeling fat signal [17] have also been reported to evaluate
pore water content in cortical bone, which demonstrated good corre-
lations with bone porosity, as validated with μCT.

In an alternative approach, modeling the magnetization transfer
(MT) from macromolecules to water enabled measuring of the macro-
molecular protons fraction (MMF) [20,21]. With MT techniques, an RF
pulse with a defined frequency offset from the water protons' resonance
frequency is used to saturate macromolecular protons. The magnitude
of the transferred saturation to water protons correlates with MMF in
the tissue. MMF from two-pool 3D-UTE-MT modeling and MT ratio

have demonstrated significant correlations with human bone porosity,
as measured with μCT [22,23]. Significant MMF variation has been
observed in cortical bone after bone stress injury, likely due to induc-
tion of microcracks [24].

Intracortical bone porosity includes a range of pore classes and
sizes, including Haversian canals (10–200 μm), lacunae (1–10 μm), and
canaliculi (0.1–1 μm) [25,26]. The sufficiency of employing μCT for
validating the porosity estimated by UTE-MRI [8,10,16,22,23] is
questionable, as μCT can only measure a portion of large Haversian
canals. A voxel size of 9 μm has been used in several studies, as this is
the lowest voxel size available in most current μCT scanners. Such re-
solution is practically adequate to accurately characterize pores larger
than 40 μm in size (4 voxels approx.). Pores smaller than 4 voxels may
be removed during the denoising steps in image processing and the
remaining small pores will be highly underestimated in size measure-
ment [27,28]. However, the UTE-MRI signal presumably involves all
water protons, even those residing in micropores below the μCT de-
tectable range (i.e., lacunae and canaliculi). The reliability of using high
resolution μCT for validating the UTE-MRI based measures of cortical
bone has not been well investigated. Additionally, the correlations be-
tween UTE-MRI quantifications of cortical bone and small pores of bone
are yet to be understood.

The goal of this study was to evaluate the upper limit of UTE MRI
and compare its efficacy to μCT at determining bone porosity ex vivo.
Specifically, this study was aimed to determine the correlations of two

Fig. 1. Selected ROIs at three different bone layers on a representative bone specimen (Male, 71 years old) illustrated on (a) UTE-MRI (250 μm pixel size), (b) μCT
(9 μm pixel size), and (c) histology (H&E stained, 0.2 μm pixel size) images.

Fig. 2. (a) a 5×5mm cropped histological H&E stained image of cortical bone specimen with many visible Haversian canals (white spots). (b) Enlarged histological
image within the selected black box in Fig. 2a. Haversian canals and lacunae are indicated with yellow and white arrows, respectively. (c) Pore size pixel map of the
selected region in the histology section. Pore size at each pixel is defined as the diameter of the largest covering circle.
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common UTE-MRI based techniques with intracortical bone porosities,
as measured with histomorphometric methods and with μCT. In addi-
tion to the μCT scans at 9 μm voxel size, the microscopic images of
histology slides (0.2 μm pixel size) provide access to all Haversian ca-
nals and almost all lacunae pores. This study complements the previous
evaluations of UTE-MRI techniques validated with μCT [16,22] through
clarifying the UTE-MRI capability for assessing all intracortical bone
porosities larger than 1 μm. The two UTE-MRI methods considered for
this study were two-pool MT modeling and bi-component T2* fitting,

techniques which have been the recent focus of this research group
[16,22].

2. Materials and methods

2.1. Sample preparation

Cortical bone specimens were harvested from eleven fresh-frozen
tibial midshafts of relatively young donors (51 ± 16 years old, 5

Fig. 3. MRI-based and histomorphometric analyses for three exemplary ROIs at three different cortical bone layers (Fig. 1). (a–c) The two-pool MT modeling analyses
in (a) ROI-1, (b) ROI-2, and (c) ROI-3 using three pulse saturation powers (500° in blue, 750° in green, and 1000° in red) and five frequency offsets (5, 10, 20, 50 kHz).
MMF and T2MM refer to macromolecular fraction and macromolecular T2, respectively. (d–f) Bi-component exponential fitting of the T2* decay within (d) ROI-1, (e)
ROI-2, and (f) ROI-3. The oscillating actual data points indicates the presence of fat particularly in ROI-1 and ROI-2 near the endosteum. (g–i) Pore size distribution
obtained from histomorphometric analyses within (g) ROI-1, (h) ROI-2, and (i) ROI-3. Histomorphometric porosity and pore size for ROI-1 to -3 were 33.1, 13.9, and
7.1% and 221, 83, 49 μm, respectively. The μCT-based porosity was 21.2, 8.2, and 1.7% for ROI-1 to -3, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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females and 6 males), provided by a nonprofit whole-body donation
company (United Tissue Network, Phoenix, AZ). Tibial midshafts were
cut to 25mm in length using a commercial band saw. After removal of
the bone marrow, the anterior portions of the tibias were excised using
a low-speed diamond saw (Isomet 1000, Buehler, IL, USA) in order to fit
the bone specimen in a homemade 1-inch diameter solenoid coil and to
avoid complications in histology study caused by large specimens. The
final dimension of the specimens was approximately 20× 20×25mm.

2.2. UTE-MR imaging

All bone specimens were immersed in phosphate-buffered saline
(PBS) for 2 h at room temperature before the MRI scans. Each sample
was placed in a 30-mL syringe filled with perfluoropolyether (Fomblin,
Ausimont, Thorofare, NJ) to minimize dehydration and susceptibility
artifacts. The UTE-MRI scans were performed on a 3T clinical scanner
(Signa HDx, GE Healthcare Technologies, Milwaukee, WI) using a
homemade 1-inch diameter solenoid transmit/receive coil. The UTE
scans involved the three following quantitative protocols: A) six sets of
dual-echo 3D-UTE-Cones sequences (TR=24.3 ms, TEs= 0.032, 0.2,
0.4, 0.6, 0.8, 2.2, 4.4, 6.6, 8.8, 11, 13, 15 ms, with a total scan time of
14min) for T2*measurements, B) a variable TR 3D-UTE-Cones se-
quence (TE=0.032ms, TRs=5.9, 10, 20, 40, 60, and 100ms, flip
angle (FA)= 20°, rectangular RF pulse with a duration of 30 μs, with a
total scan time of 16min) for T1 measurement, which is a prerequisite
for MT modeling, and C) a set of 3D-UTE-Cones-MT sequences (MT
saturation pulse power=500°, 750°, and 1000°; frequency offset= 2,
5, 10, 20, and 50 kHz; FA=10°, with a total scan time of 15min) for
two-pool MT modeling [20,21,29]. Other imaging parameters included:
field of view (FOV)= 40mm, matrix= 160×160, slice thick-
ness= 3mm, receiver bandwidth=62.5 kHz, and total scan
time=45min. Features of the 3D-UTE-Cones sequence have been de-
scribed in previous studies [30–32]. The 3D-UTE-Cones sequence em-
ploys a short rectangular pulse excitation followed by a 3D Cones tra-
jectory. The 3D k-space is divided into multiple cones, with twisted

radial trajectories along each cone. The Cones sequence is more time-
efficient than radial trajectories in covering 3D k-space. The 3D-UTE-
Cones sequence resolves the limitations associated with 2D-UTE se-
quences, which are very sensitive to eddy currents because of their half-
pulse excitation. The two-pool UTE-MT modeling was previously de-
scribed in detail by Ma et al. [20,21,29].

2.3. Micro-computed tomography (μCT)

Bone specimens were scanned using a Skyscan 1076 (Kontich,
Belgium) μCT scanner at 9 μm 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 g/cm3). Other scanning
parameters were as follows: a 0.05mm aluminum plus a 0.038mm
copper filter, 100 kV, 100mA, 0.4° rotation step, and 5 frame-aver-
aging.

2.4. Histology and histomorphometry

To measure the intracortical bone porosity through histomorpho-
metric analyses, a 2-mm thick slice was cut from the middle of each
scanned specimen using a low-speed diamond saw (Isomet 1000,
Buehler, IL, USA). These eleven bone slices were fixed in zinc-formalin
fixative (Anatech, Battle Creek MI, USA) for five days at room tem-
perature. The fixed slices were decalcified via several changes of 10%
formic acid over two weeks at room temperature. Decalcified slices
were soaked in 30% sucrose in PBS, then frozen for immediate cryo-
sectioning at 6 μm thickness. Finally, the thin decalcified sections were
collected onto slides and stained by hematoxylin and eosin (H&E). One
representative histology section was selected per bone specimen and
imaged using a virtual microscopy scanner (Axio Scan.Z1, Carl Zeiss,
Jena, Germany) for porosity and pore size calculations.

Fig. 4. (a) Macromolecular fraction (MMF) from MT modeling, (b) Frac1 (short-T2* component) from bi-component T2* fitting, (c) μCT-based porosity, and (d)
histomorphometry-based pore size maps of a representative anterior tibial bone specimen (71-year-old male).
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2.5. Data analysis

UTE-MRI quantifications in one slice (3mm thick) at the middle of
the specimens were compared with histomorphometric and μCT mea-
sures. MRI, histomorphometric, and μCT comparisons were performed
within three regions of interest (ROIs) defined at three different bone
layers from the endosteum towards the periosteum (Fig. 1). Such ROI
selection provided adequate microstructural variation to examine the
UTE-MRI techniques. Finally, Pearson's correlations were calculated
between UTE-MRI, histomorphometric, and μCT measures. These ROIs
were considered all together in order to examine the UTE-MRI method's
capability to detect the variation of bone microstructure regardless of
the intracortical bone location. Based on the literature [22], the se-
lected layers of the cortical bone possess significantly different micro-
structures. While this does introduce some interdependency between
data points, significance levels for all correlations were assessed using
non-parametric bootstrap (with resampling by specimen) to adjust for
within-specimen dependence. All the data analyses were performed in
MATLAB (version 2017, The Mathworks Inc., Natick, MA, USA). Sta-
tistical analyses were performed using a statistical programming lan-
guage (R, version 3.2.5, R Development Core Team, Vienna, Austria).

2.5.1. Quantitative UTE-MRI analyses
Quantitative MR analyses included bi-component T2*, single-com-

ponent T1, and two-pool MT modeling. For bi-component T2* fitting, a
short T2* component (T2*1) and a long T2* component (T2*2) re-
presenting bound water and pore water, respectively, were assumed
[2,14,33]. The signal in bi-component fitting was modeled using the
following equation, S(TE)∝ Frac1×Exp (−TE/T21∗)+ Frac2×Exp
(−TE/T22∗)+ constant, where S(TE) is the normalized UTE-MRI
signal, and Frac1 and Frac2 are proton fractions of short and long T2*
components, respectively.

T1 measurement was performed using the following single-compo-

nent fitting model, ∝ − − +( )( )S TR constant( ) 1 exp TR
T1 , where S(TR)

is the normalized UTE-MRI signal [1,2,19].
The UTE-MT analysis was accomplished by using a two-pool model

to estimate MMF and macromolecular T2 (T2MM) based on a modified
rectangular pulse approximation approach [20,21,29]. In the two-pool
model, the first pool is macromolecular proton pool which has a very
broad spectrum or extremely short T2 (~10 μs), while the second pool
is water proton pool which includes both bound and pore water pro-
tons. If the macromolecular proton magnetization is partially saturated,
the acquired water signal intensity decreases due to the magnetization
transfer. Details of the two-pool MT modeling are described earlier
[20,21,29].

2.5.2. μCT analyses
A single gray level threshold was used for μCT image segmentation

to distinguish between bone and pores. The gray level threshold was
selected for each set of μCT data by investigating the gray level histo-
grams and pore interfaces in raw images. Thresholding resulted in a
stack of binary images. A porosity pixel map was generated for each
bone specimen by superimposing the 333 binary images to cover the
corresponding 3-mm MRI slice. BMD was calculated for each voxel
using a linear function of voxel's gray level which is determined based
on gray levels of hydroxyapatite phantoms. Affine image registration
was used to propagate ROIs selected on MRI images onto the μCT data.
Image registration was performed manually by an image processing
expert in MATLAB via selecting four identical points in images from
different modes (MRI, μCT, and histology).

2.5.3. Histomorphometric analyses
For histomorphometric analyses, a color-based image segmentation

approach was used to distinguish between pores and bone matrix pixels
in histology images. A set of morphological operations were used toTa
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exclude artifacts and stain contaminations after image segmentation.
Pore size at each pixel was defined as the diameter of the largest cov-
ering circle, an oft-used definition in the literature [34–36]. A pore size
threshold equal to 40 μm was used for discriminating small pores from
large pores that are accurately measurable with μCT. Average porosities
and pore sizes within each ROI were calculated for the following three
pore classes: 1) all pores, 2) small pores (< 40 μm), and large pores
(≥40 μm). Affine image registration was used to propagate the ROIs
selected on MRI images to histology images.

3. Results

Fig. 1 illustrates the UTE-MRI, μCT, and histology images of a re-
presentative bone specimen (71-year-old male). Three selected ROIs at
three bone layers from endosteum towards periosteum are shown on
the images.

Fig. 2a shows a 5× 5mm cropped histology image with several
visible Haversian canals. A zoomed-in area of the selected histology
section is shown in Fig. 2b with Haversian canals and lacunae arranged
around the Haversian canals indicated. Pore size map of the selected
region is presented in Fig. 2c, where the pore size ranges from sub-
micron in some lacunae to a hundred micrometers in the highlighted
Haversian canal at the center.

Fig. 3a–c show the two-pool MT modeling analyses within the three
defined ROIs of a representative bone specimen (Fig. 1, 71-year-old
male). MT modeling was performed for five off-resonance frequencies
(2, 5, 10, 20, and 50 kHz) and three MT saturation pulse power levels,
including 500°, 750°, and 1000°, that are indicated with blue, green,
and red lines. Bi-component T2* fittings within the same three ROIs are
illustrated in Fig. 3d–f. The oscillating actual data points around
TE=2ms indicate the presence of fat in specimens, particularly in
ROIs near the endosteum. Fig. 3g–i show the pore size distributions
achieved through histomorphometric analyses within the same ROIs.
Calculated porosities from μCT and histomorphometric analyses in ROI-
1, -2, and -3 were in descending order. As expected, MMF and Frac1 in
ROI-1, -2, and -3 were in ascending order. Pore size distributions shifted
towards lower values for ROI-3 compared with ROI-2 and ROI-1,

indicating a limited number of large pores (> 100 μm) in the outer
layer of the cortex. Histomorphometric porosity and pore size for ROI-1,
-2, and -3 were 33.1, 13.9, and 7.1% and 221, 83, 49 μm, respectively.
The μCT-based porosity was 21.2, 8.2, and 1.7% for ROI-1, -2, and -3,
respectively.

Fig. 4a shows the generated pixel maps from MT modeling for the
representative specimen shown in Fig. 1a. Frac1 pixel map from bi-
component T2* fitting is shown in Fig. 4b. MMF and Frac1 pixel maps
demonstrated an increasing pattern towards outer bone layer, which
was more obvious in the MMF map. The μCT-based porosity pixel map
for this specimen is illustrated in Fig. 4c, which is calculated by su-
perimposing 333 μCT slices. Fig. 4d shows the pore size map obtained
from histomorphometric analysis performed on a representative his-
tology slice of the mentioned specimen. Obviously larger pores and
porosity fractions were found on the endosteum side of the cortex.

The mean, standard deviation and range of the measured MRI, μCT,
and histomorphometry results are presented in Table 1.

Pearson's correlations, 95% intervals, and p values between micro-
structural measures and UTE-MRI parameters are presented in Table 2
considering all selected ROIs. Significance for all correlations were as-
sessed using non-parametric bootstrap (with resampling by specimen)
to adjust for within-specimen dependence. Large-pore porosity
(> 40 μm) distinguished in histomorphometric analyses and the μCT-
based porosity showed strong correlations with MMF, Frac1, and T2*1.
MMF and Frac1 demonstrated moderate correlation with small-pores
porosity (< 40 μm). Average pore size from histomorphometric ana-
lyses demonstrated strong correlations with MMF (R=0.73, p < 0.01)
and T2*1 (R=0.70, p < 0.01). Average size of large pores also
showed strong correlations with MMF and T2*1. Average size of small
pores showed poor correlations with the UTE-MRI properties. MMF also
demonstrated a strong correlation with BMD (R=0.85, p < 0.01).

Scatter plots and linear regressions of histomorphometric bone
porosity and pore size (all pores, small pores and large pores) on MMF
are shown in Fig. 5. As mentioned in Table 2, MMF showed higher
correlations with all-pores and large-pores porosities. However, corre-
lations with small-pores porosity were moderate. Small-pores porosity
varied approximately between 1% and 5%, which was much lower than

Table 2
Pearson's correlations, 95% intervals, and p values between microstructural measures (histomorphometric and μCT-based) and UTE-MRI parameters (bi-component
T2* fitting and MT modeling). Significance for all correlations were assessed using non-parametric bootstrap (with resampling by specimen) to adjust for within-
specimen dependence.

Bi-component T2* fitting MT-modeling

Frac1 T2*1 T2*2 MMF T2MM

μCT Porosity −0.71
[−0.89,−0.18]

p < 0.01

−0.76
[−0.89,−0.51]

p < 0.01

0.09
[−0.31,0.42]

p= 0.74

−0.87
[−0.92,−0.77]

p < 0.01

0.37
[−0.24,0.61]

p=0.18
BMD 0.68

[0.17,0.83]
p < 0.01

0.61
[0.45,0.75]
p < 0.01

−0.06
[−0.29,0.31]

p= 0.86

0.85
[0.70,0.91]
p < 0.01

−0.25
[−0.68,0.43]

p=0.50
Histomorphometry Porosity All pores −0.71

[−0.85,−0.45]
p < 0.01

−0.71
[−0.83,−0.53]

p < 0.01

0.11
[−0.31,0.44]

p= 0.63

−0.81
[−0.89,−0.65]

p < 0.01

0.61
[0.25,0.78]
p < 0.01

Small pores
(< 40 μm)

−0.52
[−0.74,−0.23]

p < 0.01

−0.42
[−0.81,−0.09]

p= 0.02

0.02
[−0.26,0.39]

p= 0.88

−0.56
[−0.77,−0.34]

p < 0.01

0.26
[−0.22,0.76]

p=0.26
Large pores
(> 40 μm)

−0.69
[−0.83,−0.43]

p < 0.01

−0.70
[−0.82,−0.53]

p < 0.01

0.11
[−0.31,0.45]

p= 0.62

−0.78
[−0.88,−0.64]

p < 0.01

0.61
[0.29,0.78]
p < 0.01

Pore size All pores −0.55
[−0.74,−0.22]

p < 0.01

−0.71
[−0.85,−0.53]

p < 0.01

0.15
[−0.39,0.54]

p= 0.58

−0.73
[−0.85,−0.55]

p < 0.01

0.65
[0.41,0.81]
p < 0.01

Small pores
(< 40 μm)

−0.60
[−0.80,−0.35]

p < 0.01

−0.42
[−0.78,0.16]

p= 0.17

−0.19
[−0.61,0.20]

p= 0.37

−0.51
[−0.79,−0.21]

p < 0.01

0.27
[−0.16,0.67]

p=0.23
Large pores
(> 40 μm)

−0.55
[−0.76,−0.21]

p < 0.01

−0.70
[−0.86,0.52]
p < 0.01

0.14
[−0.40,0.52]

p= 0.61

−0.74
[−0.86,−0.54]

p < 0.01

0.64
[0.39,0.80]
p < 0.01
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the variation of large-pores porosity (1–35%). Average size variation of
small pores was approximately between 15 μm to 22 μm.

Scatter plots and the linear regressions of histomorphometric bone
porosity and pore size (all pores, small pores, and large pores) on short
component fraction (Frac1) from bi-component T2* analyses are shown
in Fig. 6. As mentioned in Table 1, Frac1 showed higher correlations
with porosity and pore size when considering all pores or large pores.
However, correlations with small-pore porosity were moderate.

Table 3 presents Pearson's correlation coefficients between μCT-
based measures and histomorphometric results. The μCT-based porosity
showed strong correlations with histomorphometric porosity and pore
size when considering all pores or only large pores (R > 0.70,
p < 0.01). Correlations were poor when considering only small pores
in histomorphometric analyses (R < 0.3). BMD from μCT analyses

showed strong correlations with average porosities from histomorpho-
metric analyses regardless of the considered pore sizes.

4. Discussion

This study was the first to investigate the correlations between UTE-
MRI biomarkers of cortical bone and histomorphometric analyses on
histology images with submicron pixel size (0.2 μm). This technique
enabled the study to accurately include all intracortical bone pores
larger than 1 μm (all Haversian canals and lacunae) for validating the
UTE-MRI techniques. This study complements the previous evaluations
of UTE-MRI techniques validated with high resolution μCT-based por-
osity (i.e., 9 μm voxel size) [16,22]. Such μCT-based measurements
would be practically accurate only for pores larger than 40 μm in size (4
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Fig. 5. Scatter plot and linear regressions of bone porosity and pore size on MMF considering (a, b) all pores, (c, d) only small pores, and (e, f) only large pores.
Significance levels for these correlations were below 0.01, as measured using non-parametric bootstrap (with resampling by specimen) to adjust for within-specimen
dependence.
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voxels).
The investigated UTE-MRI techniques were the two-pool MT mod-

eling and bi-component T2* fitting, which have been the recent focus of
this research group in assessing cortical bone microstructure and me-
chanics [1,2,16,22–24]. Bi-component T2* fitting results, as well as
MMF from two-pool MT modeling, have previously shown good cor-
relations with cortical bone porosity [16,22] and mechanics [16,24].

For the eleven studied anterior tibial bone specimens, MMF, Frac1,
and T2*1 from investigated MRI properties demonstrated strong cor-
relations with all-pores and large-pores porosities. Remarkably, these
UTE-MRI properties showed moderate correlations with small poros-
ities from histomorphometric analyses. Therefore, UTE-MRI biomarkers

were capable of detecting microstructural variations in the form of
large pores and small pores. Such range of variations was not detectable
by high resolution μCT. This demonstrates the technique's potential for
a low detectable variation of bone porosity, which in turn suggests UTE-
MRI as a potentially sensitive tool to help early detection of bone dis-
eases.

Strong correlations of MMF, Frac1, and T2*1 with porosity were
valid when comparisons were performed with both histomorphometric
and μCT results. Although the total porosity from histomorphometric
analyses was higher than μCT-based porosity (more detectable pores in
histology images), their correlations with UTE-MRI biomarkers were
comparable (Table 2). The μCT-based porosity showed strong
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Fig. 6. Scatter plot and linear regressions of bone porosity and pore size on short component fraction (Frac1) when considering (a, b) all pores, (c, d) only small pores,
and (e, f) only large pores. Significance levels for these correlations were below 0.01, as measured using non-parametric bootstrap (with resampling by specimen) to
adjust for within-specimen dependence.
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correlations with histomorphometric large-pores porosity (Table 3).
Due to limited resolution of μCT, the porosity correlations were poor
when considering only small pores in histomorphometric analyses. In-
terestingly, strong correlations were found between BMD and histo-
morphometric porosities regardless of the considered pore sizes. This
indicates the BMD sensitivity to subvoxel mineral variation. The UTE-
MRI and μCT correlations were consistent with the previous studies
performed on different coils and different specimen dimensions
[16,22].

UTE-MRI quantifications showed higher correlations with large
pores compared with small pores. In other words, the variations of UTE-
MRI properties in studied bone specimens could be explained better by
large pore variation. This may have resulted from limited variation of
small porosities in studied bone specimens which were harvested from
normal donors. In the eleven studied cortical bone specimens (33 ROIs),
the range of small-pores porosity (1–5%) was much lower than the
range of large-pores porosity (1–35%). Consequently, μCT-based por-
osity measurements were likely adequate to validate the correlations
between cortical bone microstructure and MRI biomarkers in studied
specimens. Such correlations are most likely valid when comparisons
are taking place between young, old, or osteoporotic cohorts, where
large pore variation counts for the major changes in cortical bone mi-
crostructure. Nevertheless, UTE-MRI techniques enabled assessing
much finer bone microstructure including all lacunae and small
Haversian canals which in turn can contribute differently to bone dis-
ease development compared with large pores. Furthermore, variation of
such fine micropores may be determinative factor in bone stress injuries
and bone remodeling process.

MMF demonstrated higher average correlations with micro-
structural properties compared with bi-component T2* fitting results.
This might be resulted from lower sensitivity of the two-pool MT
modeling to fat presence in the cortical bone compared with bi-com-
ponent T2* fitting. Bi-component T2* fitting might result to inaccurate
fractions when fat is present particularly near the endosteum. Fat pre-
sence can be indicated by the oscillating actual data points in Fig. 3d–f
caused by chemical shifts. Consistent correlations of MMF and Frac1
with both porosity and pore size were most likely resulted from the
concurrent variations of porosity and pore size in bone specimens.

This study had several limitations. First, the studied bone specimens
demonstrated limited variation of small porosities that challenged the
accurate evaluation of UTE-MRI capability in small pore assessment.

However, moderate correlations with small pore variations in this range
(1–5%) were promising. Using synthesized biomaterials with large
variation of small pores instead of bone may improve the correlation in
future steps. Second, only one representative H&E histology slide was
used from the middle of each bone specimen for histomorphometric
analyses. Comparison of 2D histomorphometric results with those of a
3mm-thick MRI and μCT map might introduce some errors. However,
this approach was likely adequate because limited axial variation of
cortical bone can be assumed at tibial midshaft for 3mm length. Third,
this study only focused on two-pool MT modeling and bi-component
T2* fitting. Similar concluded patterns of correlations with small-pores
and large-pores porosities are expected to be true for other UTE-MRI
techniques [8,10]. However, well-designed future studies are required
to achieve accurate conclusions for each specific UTE-MRI technique.
Fourth, the correlation between investigated techniques and histo-
morphometric results were performed ex vivo and with a 1-inch
homemade coil. The performance of such UTE-MRI techniques was
examined before using bone specimens with a knee coil [17,22,24,37].
The total scan time for bi-component T2* and MT modeling was 45min.
However, more investigation is required to achieve fast, accurate, and
clinically viable quantitative 3D UTE imaging techniques.

5. Conclusion

Two-pool MT modeling and bi-component T2* fitting techniques
were investigated for their capability of cortical bone porosity assess-
ment as measured through histomorphometric analyses performed on
submicron resolution histology images. MMF from MT modeling as well
as Frac1 and T2*1 from bi-component T2* fitting showed strong cor-
relations with histomorphometric total and large-pores porosities as
well as with μCT-based porosity. Remarkably, studied UTE-MRI tech-
niques were able to detect small pores variations with moderate cor-
relations. This study highlighted the capability of UTE-MRI techniques
for detecting variation of bone porosity in the form of pores below the
range detectable by μCT, including lacunae and small Haversian canals,
which can contribute differently in bone disease, injury, and re-
modeling.
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