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W N e

Abstract: Trabecular bone architecture has important implications for the mechanical
strength of bone. Trabecular elements appear as signal void when imaged utilizing conven-
tional magnetic resonance imaging (MRI) sequences. Ultrashort echo time (UTE) MRI can
acquire high signal from trabecular bone, allowing for quantitative evaluation. However,
the trabecular morphology is often disturbed in UTE-MRI due to chemical shift artifacts
caused by the presence of fat in marrow. This study aimed to evaluate a UTE-MRI technique
to estimate the trabecular bone volume fraction (BVTV) without requiring trabecular-level
morphological assessment. A total of six cadaveric distal tibial diaphyseal trabecular bone
cubes were scanned using a dual-echo UTE Cones sequence (TE = 0.03 and 2.2 ms) on a
clinical 3T MRI scanner and on a micro-computed tomography (uCT) scanner. The BVTV
was calculated from 10 consecutive slices on both the MR and puCT images. BVTV calculated
from the MR images showed strongly significant correlation with the BVTV determined
from pCT images (R = 0.84, p < 0.01), suggesting that UTE-MRI is a feasible technique for
the assessment of trabecular bone microarchitecture. This would allow for the non-invasive
assessment of information regarding bone strength, and UTE-MRI may potentially serve as
a novel tool for assessment of fracture risk.

Keywords: quantitative MRI; ultrashort echo time; trabecular bone; fracture risk assess-
ment; micro-computed tomography

1. Introduction

Fragility fractures are highly prevalent and result in a significant financial cost and
reduction in an individual’s quality of life. These fractures will likely increase in incidence
with the growing population of older adults, with a predicted worldwide incidence of
6.3 million fragility fractures each year by 2050 [1]. Osteoporosis represents the most
important treatable factor for these fractures. Bone mineral density (BMD), as measured by
dual-energy X-ray absorptiometry (DXA) at the spine or hip, is the standard clinical measure
to diagnose osteoporosis and estimate bone fracture risk [2]. Despite the widespread use
of BMD in clinical practice, a diagnosis of osteoporosis (based on DXA T-score < —2.5)
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often fails to predict fracture risk accurately, with one study showing half of fractures
occurring in individuals who do not meet the criteria for osteoporosis [3-9]. DXA does not
distinguish between cortical and trabecular bone, and cannot quantify the microstructural
properties of bone [9].

Osteoporosis is often considered a disease of trabecular bone, and both the number of
trabecular elements and trabecular thickness have been shown to decline with age [9-12].
By histomorphometry, trabecular bone microarchitecture is quantified utilizing parameters
such as the bone volume fraction (bone volume to total volume ratio, BVTV), trabecular
number, trabecular thickness, and trabecular separation [13]. These same parameters
have been applied to assessment of bone specimens by micro-computed tomography
(nCT) [14], with the BVTV shown to be the strongest predictor of the mechanical properties
of bone [15-17]. Although BMD and BVTV typically parallel each other, there are some
diseases in which one changes while the other does not. For example, in osteomalacia,
mineral content is reduced while osteoid volume stays the same [18]. In this case, BMD
would be expected to decrease while BVTV would not. Since trabecular bone is more
sensitive to changes related to osteoporosis and treatment of osteoporosis than cortical
bone, assessment of BVTV could potentially yield important information regarding fracture
risk and prevention that is currently not captured by DXA. To this end, BVTV as assessed
by uCT has previously been shown to increase following bisphosphonate treatment [19].
However, uCT requires the acquisition of a bone specimen, which would be undesirable
for routine bone quality assessment for fracture risk determination. As a result, there have
been efforts to reproduce these measures with non-invasive in vivo imaging techniques
such as high-resolution peripheral quantitative CT and MRI [14,20-25].

An increasing number of musculoskeletal research groups are investigating the po-
tential benefits of utilizing magnetic resonance imaging (MRI) for bone evaluation [26-32].
MRI-based bone evaluation avoids the potential harmful exposures to ionizing radiation
associated with X-ray-based techniques [25,33-35] and allows simultaneous assessment of
the surrounding soft tissues [36,37].

Although conventional clinical MRI sequences can be used for morphological imag-
ing, they cannot quantitatively evaluate bone due to the lack of detectable signal [26-28].
Specifically, the detected MR signal intensity of bone depends on several factors, including
its apparent transverse relaxation time (T2*), which is very short [33,34] and cannot be
captured by conventional clinical sequences. The T2* of bone is on the order of hundreds
of microseconds, while the echo times (TEs) in conventional clinical MRI sequences are
typically several milliseconds or longer [33,38]. As a result, previous attempts to evaluate
trabecular bone by MRI have measured the degree of attenuation of signal from fatty bone
marrow due the presence of bone rather than measuring the signal from bone directly [18].
In contrast to conventional clinical MRI sequences, ultrashort echo time (UTE) MRI se-
quences have the advantage of TEs on the order of several to tens of microseconds, enabling
detection of signal from tissues with short T2* like bone [26,27,33,34,39,40].

UTE-MRI is underutilized in the evaluation of bone in part due to the high cost and
time demands. Several research studies have focused on developing rapid and efficient
UTE-MRI-based bone evaluation methods to facilitate clinical translational imaging of
cortical bone [41-47]. To the authors” knowledge, UTE-MRI has not yet been applied to the
evaluation of trabecular bone. Imaging of trabecular bone with MRI is challenging due
to lower image contrast, as trabecular features are on the order of 80-100 um, beyond the
resolution of conventional imaging methods [14,48]. In addition, evaluation of trabecular
bone is challenging as the presence of fat in marrow results in chemical shift artifact that
disturbs trabecular morphology [27,28]. The technique proposed in this study utilizes the
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signal from a UTE acquisition without the need for detailed trabecular-level morphologic
assessment.

A UTE-MRI acquisition in trabecular bone likely represents the total detectable signal
from bone (mostly bound water as limited intra-trabecular porosity is expected) and
marrow (free water and fat). A similar acquisition at a TE around 2.2 ms likely represents
detectable signal from free water and fat in the marrow, because bone signal has decayed
to near zero values. In such an acquisition at 3T, free water and fat signals are in phase
and there is no signal cancelation between them. Therefore, it can be hypothesized that the
signal difference between UTE and TE = 2.2 ms divided by the UTE signal represents the
bone volume to total volume ratio (BVTV) in trabecular bone sites.

This study investigates the feasibility of using dual-echo UTE MRI (TEs ~ 0 and
2.2 ms) as a rapid technique for BVTV estimation in trabecular bone.

2. Materials and Methods
2.1. Sample Preparation

Fresh-frozen cadaveric lower-leg specimens from six donors (75 =+ 4 years old) were
provided by the UC San Diego School of Medicine Medical Education/Anatomical Services.
Axial sections of the distal tibia, near the ankle joint, were cut into ~20 mm segments
using a commercial band saw (B16, Butcher Boy, Selmer, TN, USA) in the frozen state.
One 20 mm? cube was excised from the metaphyseal region of each specimen using a
low-speed diamond saw (Isomet 1000, Buehler, Lake Bluff, IL, USA). Only trabecular bone
was included in the final bone cubes. After thawing, trabecular bone cubes were placed in a
rectangular plastic container filled with perfluoropolyether (Fomblin, Ausimont, Thorofare,
NJ, USA) to minimize dehydration and susceptibility artifacts during the MRI scans.

2.2. UTE-MRI and Data Analysis

The UTE-MRI scans were performed on a 3T clinical scanner (GE Healthcare, Wauke-
sha, WI, USA) using an eight-channel transmit and receive knee coil. A dual-echo UTE
Cones sequence with repetition time (TR) = 12.1 ms and TEs = 0.032 and 2.2 ms was
performed. Images were acquired in the axial anatomical plane of the specimens, which
was the standard coronal plane of the scanner. Field-of-view, acquisition matrix, slice
thickness, voxel size, number of slices, and scan time were 100 mm, 200 x 200, 0.5 mm,
0.5 x 0.5 x 0.5 mm?3, 40, and 5 min, respectively.

MRI images were analyzed in 10 slices in the middle of each specimen to avoid the
artifacts on the upper and lower edges of the specimens caused by infiltrated air into the
intertrabecular space. An experienced image analyst selected global regions of interest
covering each specimen separately while avoiding edges.

Equation (1) was used to calculate the BVIVpy,1Echo Mr map in selected ROls.
The mean BVTVpya1.Echo MR Was calculated within each ROI to be compared with the
uCT results.

UTE signal — 2nd Echo Signal (TE = 2.2 ms
BVTVDual—Echo MR — & UTE si g ngal ( ) (1)

To investigate the feasibility of generating the BVTVpyal-Echo MR Map in vivo, the
ankle of a healthy 24-year-old male volunteer was also scanned in the axial plane. The
institutional review board (IRB) of the University of California, San Diego, approved this
study. Written informed consent was obtained from the subject prior to participation. A
clinical T1-weighted spin echo sequence was performed (TR = 788 ms, Flip angle (FA) = 142,
matrix 352 x 352, FOV =120 mm, in plane pixel size = 0.34 mm). A dual-echo UTE cones
sequence with TR = 80 ms, and TEs = 0.032 and 2.2 ms, was also performed to generate
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the BVTV map. FOV, acquisition matrix, slice thickness, FA, and in plane pixel size were
120 mm, 160 x 160, 5 mm, 45, and 0.75 mm, respectively. BVIVpyal-Echo MR Was calculated
for the distal tibia as described above.

2.3. uCT Imaging and Data Analysis

Specimens were also scanned using a GE eXplore 120 Preclinical uCT scanner (GE
Healthcare, Waukesha, WI, USA) at 50 pm?3 isotropic voxel size. Specimens were scanned
in the same plastic container after emptying the liquid, as the liquid could downgrade the
image contrast. Other scanning parameters were as follows: 100 x 100 x 165 mm? FOV,
60 kV voltage, 32 mA current, 0.5° rotation step, and 100 min scan time.

Corresponding uCT images were selected manually (10 consecutive slices per each
MRI slice). A 2D semiautomatic registration algorithm was used to map the selected
ROIs onto the uCT images. Registration was performed by selecting matching corners
of each specimen on MRI and puCT images using the MATLAB image processing toolbox
(version 2021, The Mathworks Inc., Natick, MA, USA). Notably, a 3D automatic registration
algorithm could not be applied due to the artifacts in MRI images caused by the trapped
air in the intertrabecular space, particularly on the upper and lower edges of specimens.
A local adaptive gray level thresholding algorithm (approximately 3 mm sub window
dimension) was used to segment the bone pixels from the marrow pixels within each
selected ROI on the MRI and puCT images. Equation (2) was used to calculate the mean
uCT-based BVTV within each selected ROL

Bone voxel count

BVTV,cr = 2)

Total voxel count

2.4. Statistical Analysis

The measured BVTVs were not normally distributed as examined with the one-sample
Kolmogorov-Smirnov test. A two-sided Wilcoxon rank sum test was used to examine the
difference between MRI and pCT-based results. Spearman’s rank correlation coefficient
with 95% confidence interval (CI) was calculated between MRI-based and uCT-based BVTV.
The provided range of correlation coefficients was calculated with 1000 bootstrapping
iterations, which considers for potential inter-specimen dependency between data points.
p-values below 0.05 were considered significant. Statistical analysis was performed using
SPSS software (version 29.0.2.0, IBM, Armonk, NY, USA).

3. Results
3.1. UTE-MRI Assessment of BVTV

Figure 1A shows the UTE-MRI image (TE = 0.032 ms) of a representative trabecular
bone specimen in the axial plane. The schematic ROI selected in one slice in the middle
of the specimen is depicted as a yellow box. This represents the total detectable signal
from bone and marrow. Figure 1B shows the second echo MRI image at TE = 2.2 ms of
the same specimen, which represents the signal attributable to marrow as the bone signal
has decayed to near zero values. The second echo MRI subtracted from the UTE image
(representing the decayed bone signal) is shown in Figure 1C. The BVIVpyal-Echo MR Map,
which graphically represents the ratio of the subtracted signal (Figure 1C) and the UTE
signal (Figure 1A) for the sample is illustrated in Figure 1D.
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Figure 1. (A) UTE-MRI (TE = 0.032 ms), (B) second echo MRI image at TE = 2.2 ms, (C) subtracted
second TE signal from UTE signal (representing the decayed bone signal), and (D) BVTVpyal-Echo MR
map (calculated from Equation (1)) of a representative trabecular bone specimen (excised cube from
metaphysis in distal tibia) in the axial plane. The schematic region of interest (ROI) is depicted as a
yellow box in (A).

3.2. uCT Assessment of BVTV

The uCT image at 50 um? isotropic voxel size of the same representative specimen
is shown in Figure 2A, in a matched slice with the MRI images shown in Figure 1. The
schematic ROI selected in one slice in the middle of the specimen is depicted as a yellow
box. The segmented bone volume for the same slice is shown in Figure 2B. In contrast to
the MRI images in Figure 1, trabecular bone structure is obvious in the uCT images.

(A) (B)

Figure 2. (A) uCT image of a representative trabecular bone specimen (shown in Figure 1) at 50 tm?

isotropic voxel size. (B) The segmented bone volume of the same specimen. The yellow box in (A)
profiles the schematic ROI used for mean BVTV calculation.

3.3. Comparison of BVTVpya1-Echo mr and BVTV cT

Figure 3 shows box plots of the BVTVpya1.Echo Mr @and BVTV ot results for all 10 slices
evaluated in each of the six specimens and their mean values. The BVTVpya1Echo MR
were significantly lower than BVTV ¢t (22.0 &£ 2.6 versus 31.4 & 3%, p < 0.01, two-sided
Wilcoxon rank sum test). The difference between BVTVpy,1-Echo Mr and BVTV ,c for all
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measured regions was 9.4 & 1.6% [5.2-12.2%] (range). The residual values from the linear
fitting line were 0.0 + 1.6% [—4.0-2.8%] (range).

40
35
314+ 3.0
30 [%]
25
22.0+ 2.6
15 ®uCT = Dual-Echo MRI

Figure 3. Box plots of BVTVpya1-Echo MR @and BVTV ¢t in scanned specimens. Mean, SD, first, and
third quartile values are indicated in the box plots. MRI-based results were significantly lower than
uCT (p < 0.01, two-sided Wilcoxon rank sum test).

Figure 4 demonstrates the scatter plot and the linear regression of BVIVpyal-Echo MR
on BVTV ¢t for all the investigated ROIs. BVTVpya1-Echo MR Showed a strongly significant
correlation with the BVTV ,ct, with a Spearman’s correlation coefficient of 0.84 [0.77-0.90]
(95% CI).

39
86
X o
) mn ’.”El‘ l‘

% 33 s Y m 0

= -" P

] . =

s 30 s -
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E 27 wa @
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24
15 18 21 24 27 30
BVTVPCT[%]

Figure 4. Scatter plots and linear trendlines of MRI-based BVTV on the uCT-based results. R value is
Spearman’s correlation coefficient.

3.4. UTE-MRI Assessment of BVTV In Vivo

Figure 5A shows the clinical T1-weighted MR image of the ankle in a healthy 24-year-
old man in the axial plane in vivo, with a greater number of trabeculae noted along the
medial aspect of the distal tibia. Figure 5B shows the UTE-MRI image (TE = 0.032 ms) at the
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same level of the ankle in the axial plane, which represents the signal from both bone and
marrow. Figure 5C shows an image through the ankle at the same level in the axial plane
using the second echo MRI image at TE = 2.2 ms, which represents the signal from marrow
after the bone signal has decayed to near zero values. Figure 5D shows the signal from
the second MRI image subtracted from the UTE-MRI image, which represents the bone
signal. The BVTVpyal-Echo Mr Map for the distal tibia at this level is illustrated in Figure 5E.
The color map illustrates the higher BVTVpya1-Echo MR In the region where there is a greater
number of trabeculae evident in the anatomic image along the medial aspect of the tibia.

Clinical SE U

)

‘ ‘ £ N
\7(/7/
(A) (B

Figure 5. (A) Clinical axial T1 weighted spin echo sequence (TR =788 ms, TE = 8.31 ms), (B), UTE-MRI
(TE = 0.032 ms), (C) second echo MRI image at TE = 2.2 ms, (D) subtracted second TE signal from the
UTE signal (representing the decayed bone signal), and (E) BVTVpya1-Echo MR Map (calculated from

TE2=2.2ms UTE - TE2 BVTV puatccho mi
50

Equation (1)) of the distal tibia in a 24-year-old healthy male volunteer in the axial plane.

4. Discussion

This study was the first to investigate the feasibility of using dual-echo UTE MRl as a
rapid technique for BVTV estimation in trabecular bone sites. MRI-based BVTV showed
a strong correlation with pCT-based results as the ground truth. The strong correlation,
the non-invasive nature of MRI without ionizing radiation, the rapid acquisition time of
the proposed technique, and the feasibility of applying this imaging technique in vivo,
make it a promising tool for diagnosis and treatment monitoring of bone disease to prevent
fragility fractures.

The current study expands on the existing literature utilizing MRI to evaluate trabec-
ular bone structure by applying an MRI technique that enables direct detection of signal
from the trabecular bone elements. Previous studies have evaluated indices of trabecu-
lar bone structure such as BVTV, trabecular thickness, and trabecular number, as well as
trabecular BMD, and have shown these MRI measures to be correlated with DXA-based
BMD values [18,23,49], as well as uCT-derived trabecular architectural measures [21,22]
and biomechanical properties [22,50,51]. However, these studies utilized conventional MRI
sequences in which the trabecular network is imaged as signal void. In such cases, an in-
verted image is needed to provide a value for signal intensity of the trabecular bone [22,49],
the image is binarized into bone and bone marrow phases by thresholding [21,23,50], or
the trabecular bone volume fraction is estimated by subtracting the marrow volume frac-
tion [18]. Recently, the UTE-MRI acquisition on the fat-peak frequency resonance has been
proposed to provide more accurate trabecular bone imaging and thickness calculation [52].
Nevertheless, these methods are limited by spatial resolution, which can produce partial
volume effects that result in an apparent increase in BVTV, and may be dependent on the
thresholding criterion utilized to binarize the bone and bone marrow phases [49]. In con-
trast, the dual-echo UTE MRI technique utilized in the current study directly measures the
signal from both the trabecular bone and marrow such that neither high spatial resolution
nor the use of a thresholding criterion is required.

In fact, in this study, the BVTVpy,1-Echo MR, While highly correlated with the BVIV ¢,
was consistently lower (rather than higher) than the BVTV ,ct. We speculate that this may
be related to the higher proton density in a volume unit of fat in marrow compared with
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that in water on average, which also results in an overestimation of the fat volume and total
volume which, in turn, could contribute to the underestimation of BVTV in MRI. Future
studies are needed to determine if the correlation between BVTVpya1-Echo Mr and BVTV ot
is affected by the marrow fat content, which could be quantified by histology or alternative
imaging methods such as iterative decomposition of water and fat with echo asymmetry
and least squares estimation (IDEAL) or magnetic resonance spectroscopy (MRS) [53,54].
Notably, this systematic underestimation may vary for different anatomical regions and
marrow compositions and may imply a non-linear relationship rather than a simple linear
relationship.

The imaging technique introduced in this study was performed on a clinical scanner
and could easily be performed utilizing a different imaging system. The echo times for
the imaging sequence should not be modified as the first echo time in theory detects the
total signal from bone and the second echo detects the signal after the bone signal has
decayed; both are needed for the calculation of BVTV. However, other parameters such
as repetition time and flip angle can be optimized depending on the resolution and field
of view settings. These parameters may affect the estimated BVTV. Future investigation
and potentially standardization may, therefore, be required before widespread use of this
imaging technique.

This study does have several limitations. First, the studied ex vivo bone specimens
were separated from overlying cortical bone and adjacent soft tissues. While we were
able to perform the MRI technique and BVTVp,,1Echo MR Measures in vivo in a single
volunteer, future in vivo investigation with greater numbers of participants will be needed
to examine the reliability and reproducibility of the proposed techniques and to determine
whether imaging the surrounding tissues will affect the calculation of BVITVpa1.Echo MR-
Second, the studied trabecular bone specimens were harvested from distal tibias, whereas
most fragility fractures occur in the proximal femora, spine, and forearms. A follow-
up study would be needed to determine whether the same technique can be applied in
bone more susceptible for fracture, and whether there are any significant differences in
trabecular architecture between these regions. Third, while there is correlation between
BVTVpual-Echo Mr and BVTV ,ct, and BVTV as measured by CT and histomorphometry
has been shown to be the best determinant for the elastic properties of bone [15], as well
as to increase following treatment of osteoporosis with bisphosphonates [19], it is not
known whether BVTVpyal-Echo MR can predict fracture risk. A longitudinal study may be
needed to determine whether this MR measurement can predict fracture risk with equal
or greater sensitivity than conventional DXA alone. Fourth, the impact of the noise level
in the UTE-MRI images on the estimated BVTV values has not been investigated in this
study and will need to be considered in future investigations. Finally, at most institutions,
DXA represents a low-cost and widely available imaging technique. While the operational
costs of MR remain a consideration, the rapid acquisition time achievable with this imaging
technique affords an opportunity for addition of this sequence in the assessment of at-risk
patients undergoing MRI for other indications, more so than the existing conventional MRI
techniques for assessment of trabecular bone structure, which can have acquisition times
of up to 15 to 73 min [22,49,50]. Additionally, our future quantitative MRI-based bone
assessment may be further streamlined with the use of deep learning techniques [55-58],
which can be applied to automate image segmentation and denoising.

5. Conclusions

Dual-Echo UTE MRI was investigated for its capability to determine the BVTV of
trabecular bone in an ex vivo study performed on specimens from human distal tibial
diaphyses. BVTV obtained by UTE-MRI showed significant correlations with BVTV deter-
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mined by a uCT reference standard. The same imaging technique was applied to imaging a
human volunteer and demonstrated the feasibility of determining BVTVpyal-Echo MR i Vivo.
This study highlighted the UTE-MRI technique as a useful method to assess trabecular bone
microstructural properties, which may be useful in future clinical studies for non-invasive
and radiation-free fracture risk estimation.
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The following abbreviations are used in this manuscript:
UTE  Ultrashort echo time

MRI Magnetic resonance imaging

uCT Micro computed tomography

BVTV  Trabecular bone volume fraction

DXA  Dual-energy X-ray absorptiometry

References

1.  Friedman, S.M.; Mendelson, D.A. Epidemiology of fragility fractures. Clin. Geriatr. Med. 2014, 30, 175-181. [CrossRef] [PubMed]

2. Zanker, ].; Duque, G. Osteoporosis in Older Persons: Old and New Players. |. Am. Geriatr. Soc. 2019, 67, 831-840. [CrossRef]
[PubMed]

3. De Laet, C.E.; Van Hout, B.A ; Burger, H.; Hofman, A ; Pols, H.A. Bone density and risk of hip fracture in men and women: Cross
sectional analysis. BMJ (Clin. Res. Ed.) 1997, 315, 221-225. [CrossRef]

4. Trajanoska, K.; Schoufour, ].D.; de Jonge, E.A.L.; Kieboom, B.C.T.; Mulder, M; Stricker, B.H.; Voortman, T.; Uitterlinden, A.G.;
Oei, EH.G.; Ikram, M. A ; et al. Fracture incidence and secular trends between 1989 and 2013 in a population based cohort: The
Rotterdam Study. Bone 2018, 114, 116-124. [CrossRef]

5. Cummings, S.R. Are patients with hip fractures more osteoporotic? Review of the evidence. Am. |. Med. 1985, 78, 487-494.
[CrossRef]

6.  Marshall, D.; Johnell, O.; Wedel, H. Meta-analysis of how well measures of bone mineral density predict occurrence of osteoporotic
fractures. BM]J 1996, 312, 1254-1259. [CrossRef]

7. Russo, C.R.; Lauretani, F,; Bandinelli, S.; Bartali, B.; Di Iorio, A.; Volpato, S.; Guralnik, ].M.; Harris, T.; Ferrucci, L. Aging bone in
men and women: Beyond changes in bone mineral density. Osteoporos. Int. 2003, 14, 531-538. [CrossRef]

8. Schuit, S.C.E.; van der Klift, M.; Weel, A.E.A.M.; de Laet, C.E.D.H.; Burger, H.; Seeman, E.; Hofman, A.; Uitterlinden, A.G.; van
Leeuwen, ].P.T.M.; Pols, H.A.P. Fracture incidence and association with bone mineral density in elderly men and women: The
Rotterdam Study. Bone 2004, 34, 195-202. [CrossRef]

9.  Macdonald, H.M.; Nishiyama, K.K.; Kang, J.; Hanley, D.A.; Boyd, S.K. Age-related patterns of trabecular and cortical bone loss
differ between sexes and skeletal sites: A population-based HR-pQCT study. J. Bone Miner. Res. 2011, 26, 50-62. [CrossRef]

10. Odgaard, A. Three-dimensional methods for quantification of cancellous bone architecture. Bone 1997, 20, 315-328. [CrossRef]

11. Mosekilde, L. Age-related changes in vertebral trabecular bone architecture—Assessed by a new method. Bone 1988, 9, 247-250.

[CrossRef] [PubMed]


https://doi.org/10.1016/j.cger.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24721358
https://doi.org/10.1111/jgs.15716
https://www.ncbi.nlm.nih.gov/pubmed/30570741
https://doi.org/10.1136/bmj.315.7102.221
https://doi.org/10.1016/j.bone.2018.06.004
https://doi.org/10.1016/0002-9343(85)90343-2
https://doi.org/10.1136/bmj.312.7041.1254
https://doi.org/10.1007/s00198-002-1322-y
https://doi.org/10.1016/j.bone.2003.10.001
https://doi.org/10.1002/jbmr.171
https://doi.org/10.1016/S8756-3282(97)00007-0
https://doi.org/10.1016/8756-3282(88)90038-5
https://www.ncbi.nlm.nih.gov/pubmed/3048340

J. Imaging 2025, 11, 57 10 of 12

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Parfitt, A.M. Trabecular bone architecture in the pathogenesis and prevention of fracture. Am. J. Med. 1987, 82, 68-72. [CrossRef]
[PubMed]

Hahn, M.; Vogel, M.; Pompesius-Kempa, M.; Delling, G. Trabecular bone pattern factor—A new parameter for simple quantifica-
tion of bone microarchitecture. Bone 1992, 13, 327-330. [CrossRef]

Carballido-Gamio, J.; Majumdar, S. Clinical utility of microarchitecture measurements of trabecular bone. Curr. Osteoporos. Rep.
2006, 4, 64-70. [CrossRef] [PubMed]

Magquer, G.; Musy, S.N.; Wandel, ].; Gross, T.; Zysset, PX. Bone Volume Fraction and Fabric Anisotropy Are Better Determinants
of Trabecular Bone Stiffness Than Other Morphological Variables. J. Bone Miner. Res. 2015, 30, 1000-1008. [CrossRef] [PubMed]
Goldstein, S.A.; Goulet, R.; McCubbrey, D. Measurement and significance of three-dimensional architecture to the mechanical
integrity of trabecular bone. Calcif. Tissue Int. 1993, 53, 5127-5133. [CrossRef]

Pothuaud, L.; Van Rietbergen, B.; Mosekilde, L.; Beuf, O.; Levitz, P.; Benhamou, C.L.; Majumdar, S. Combination of topological
parameters and bone volume fraction better predicts the mechanical properties of trabecular bone. J. Biomech. 2002, 35, 1091-1099.
[CrossRef]

Fernandez-Seara, M.A.; Song, H.K.; Wehrli, EW. Trabecular bone volume fraction mapping by low-resolution MRI. Magn. Reson.
Med. 2001, 46, 103-113. [CrossRef]

Recker, R.; Masarachia, P,; Santora, A.; Howard, T.; Chavassieux, P.; Arlot, M.; Rodan, G.; Wehren, L.; Kimmel, D. Trabecular bone
microarchitecture after alendronate treatment of osteoporotic women. Curr. Med. Res. Opin. 2005, 21, 185-194. [CrossRef]
Guerri, S.; Mercatelli, D.; Aparisi Gémez, M.P,; Napoli, A.; Battista, G.; Guglielmi, G.; Bazzocchi, A. Quantitative imaging
techniques for the assessment of osteoporosis and sarcopenia. Quant. Imaging Med. Surg. 2018, 8, 60-85. [CrossRef]

Krug, R.; Carballido-Gamio, J.; Burghardt, A.].; Kazakia, G.; Hyun, B.H.; Jobke, B.; Banerjee, S.; Huber, M.; Link, T.M.; Majumdar,
S. Assessment of trabecular bone structure comparing magnetic resonance imaging at 3 Tesla with high-resolution peripheral
quantitative computed tomography ex vivo and in vivo. Osteoporos. Int. 2008, 19, 653—-661. [CrossRef] [PubMed]

Majumdar, S.; Kothari, M.; Augat, P.; Newitt, D.C.; Link, TM.; Lin, ].C.; Lang, T,; Lu, Y.; Genant, H. K. High-Resolution Magnetic
Resonance Imaging: Three-Dimensional Trabecular Bone Architecture and Biomechanical Properties. Bone 1998, 22, 445-454.
[CrossRef] [PubMed]

Ouyang, X.; Selby, K.; Lang, P.; Engelke, K.; Klifa, C.; Fan, B.; Zucconi, F; Hottya, G.; Chen, M.; Majumdar, S.; et al. High
Resolution Magnetic Resonance Imaging of the Calcaneus: Age-Related Changes in Trabecular Structure and Comparison with
Dual X-Ray Absorptiometry Measurements. Calcif. Tissue Int. 1997, 60, 139-147. [CrossRef] [PubMed]

Beuf, O.; Newitt, D.C.; Mosekilde, L.; Majumdar, S. Trabecular Structure Assessment in Lumbar Vertebrae Specimens Using
Quantitative Magnetic Resonance Imaging and Relationship with Mechanical Competence. J. Bone Miner. Res. 2001, 16, 1511-1519.
[CrossRef] [PubMed]

Manhard, M.K.; Nyman, J.S.; Does, M.D. Advances in Imaging Approaches to Fracture Risk Evaluation. Transl. Res. 2017, 181,
1-14. [CrossRef]

Jerban, S.; Ma, Y.; Wei, Z.; Jang, H.; Chang, E.Y.; Dy, J. Quantitative Magnetic Resonance Imaging of Cortical and Trabecular Bone.
Semin. Musculoskelet. Radiol. 2020, 24, 386—401. [CrossRef]

Jerban, S.; Chang, D.G.; Ma, Y,; Jang, H.; Chang, E.Y.; Du, J. An Update in Qualitative Imaging of Bone Using Ultrashort Echo
Time Magnetic Resonance. Front. Endocrinol. 2020, 11, 555756. [CrossRef]

Ma, Y.-J; Jerban, S.; Jang, H.; Chang, D.; Chang, E.Y.; Du, ]J. Quantitative Ultrashort Echo Time (UTE) Magnetic Resonance
Imaging of Bone: An Update. Front. Endocrinol. 2020, 11, 567417. [CrossRef]

Ma, Y.; Jang, H.; Jerban, S.; Chang, E.Y.; Chung, C.B.; Bydder, G.M.; Du, J. Making the invisible visible-ultrashort echo time
magnetic resonance imaging: Technical developments and applications. Appl. Phys. Rev. 2022, 9, 041303. [CrossRef]

Jones, B.C.; Lee, H.; Cheng, C.-C.; Al Mukaddam, M.; Song, H.K.; Snyder, PJ.; Kamona, N.; Rajapakse, C.S.; Wehrli, FW. MRI
Quantification of Cortical Bone Porosity, Mineralization, and Morphologic Structure in Postmenopausal Osteoporosis. Radiology
2023, 307, €221810. [CrossRef]

Rajapakse, C.S.; Hotca, A.; Newman, B.T.; Ramme, A.; Vira, S.; Kobe, E.A.; Miller, R.; Honig, S.; Chang, G. Patient-specific Hip
Fracture Strength Assessment with Microstructural MR Imaging-based Finite Element Modeling. Radiology 2017, 283, 854-861.
[CrossRef] [PubMed]

Jerban, S.; Alenezi, S.; Masoud Afsahi, A.; Ma, Y.; Du, J.; Chung, C.B.; Chang, E. MRI-based mechanical competence assessment of
bone using micro finite element analysis (micro-FEA): Review. Magn. Reson. Imaging 2022, 88, 9-19. [CrossRef] [PubMed]

Du, J.; Bydder, G.M. Qualitative and quantitative ultrashort-TE MRI of cortical bone. NMR Biomed. 2013, 26, 489-506. [CrossRef]
[PubMed]

Chang, E.Y,; Du, J.; Chung, C.B. UTE Imaging in the Musculoskeletal System. J. Magn. Reson. Imaging JMRI 2015, 41, 870-883.
[CrossRef]

Wehrli, EW. Magnetic resonance of calcified tissues. J. Magn. Reson. 2013, 229, 35-48. [CrossRef]


https://doi.org/10.1016/0002-9343(87)90274-9
https://www.ncbi.nlm.nih.gov/pubmed/3544835
https://doi.org/10.1016/8756-3282(92)90078-B
https://doi.org/10.1007/s11914-006-0004-7
https://www.ncbi.nlm.nih.gov/pubmed/16822405
https://doi.org/10.1002/jbmr.2437
https://www.ncbi.nlm.nih.gov/pubmed/25529534
https://doi.org/10.1007/BF01673421
https://doi.org/10.1016/S0021-9290(02)00060-X
https://doi.org/10.1002/mrm.1165
https://doi.org/10.1185/030079904X20259
https://doi.org/10.21037/qims.2018.01.05
https://doi.org/10.1007/s00198-007-0495-9
https://www.ncbi.nlm.nih.gov/pubmed/17992467
https://doi.org/10.1016/S8756-3282(98)00030-1
https://www.ncbi.nlm.nih.gov/pubmed/9600777
https://doi.org/10.1007/s002239900204
https://www.ncbi.nlm.nih.gov/pubmed/9056161
https://doi.org/10.1359/jbmr.2001.16.8.1511
https://www.ncbi.nlm.nih.gov/pubmed/11499874
https://doi.org/10.1016/j.trsl.2016.09.006
https://doi.org/10.1055/s-0040-1710355
https://doi.org/10.3389/fendo.2020.555756
https://doi.org/10.3389/fendo.2020.567417
https://doi.org/10.1063/5.0086459
https://doi.org/10.1148/radiol.221810
https://doi.org/10.1148/radiol.2016160874
https://www.ncbi.nlm.nih.gov/pubmed/27918708
https://doi.org/10.1016/j.mri.2022.01.009
https://www.ncbi.nlm.nih.gov/pubmed/35091024
https://doi.org/10.1002/nbm.2906
https://www.ncbi.nlm.nih.gov/pubmed/23280581
https://doi.org/10.1002/jmri.24713
https://doi.org/10.1016/j.jmr.2012.12.011

J. Imaging 2025, 11, 57 11 of 12

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Jerban, S.; Ma, Y.,; Namiranian, B.; Ashir, A.; Shirazian, H.; Wei, Z.; Le, N.; Wu, M,; Cai, Z.; Du, J.; et al. Age-related decrease
in collagen proton fraction in tibial tendons estimated by magnetization transfer modeling of ultrashort echo time magnetic
resonance imaging (UTE-MRI). Sci. Rep. 2019, 9, 17974. [CrossRef]

Jerban, S.; Ma, Y.; Afsahi, A.M.; Lombardi, A.; Wei, Z.; Shen, M.; Wu, M,; Le, N.; Chang, D.G.; Chung, C.B.; et al. Lower
Macromolecular Content in Tendons of Female Patients with Osteoporosis versus Patients with Osteopenia Detected by Ultrashort
Echo Time (UTE) MRI. Diagnostics 2022, 12, 1061. [CrossRef]

Nyman, ].S.; Roy, A.; Shen, X.; Acuna, R.L.; Tyler, ]. H.; Wang, X. The influence of water removal on the strength and toughness of
cortical bone. J. Biomech. 2006, 39, 931-938. [CrossRef]

Horch, R.A; Nyman, J.S.; Gochberg, D.E; Dortch, R.D.; Does, M.D. Characterization of 1H NMR Signal in Human Cortical Bone
for Magnetic Resonance Imaging. Magn. Reson. Med. 2010, 64, 680—-687. [CrossRef]

Horch, R.A.; Gochberg, D.E; Nyman, ].S.; Does, M.D. Clinically-Compatible MRI Strategies for Discriminating Bound and Pore
Water in Cortical Bone. Magn. Reson. Med. 2012, 68, 1774-1784. [CrossRef]

Rajapakse, C.S.; Bashoor-Zadeh, M.; Li, C.; Sun, W.; Wright, A.C.; Wehrli, EW. Volumetric Cortical Bone Porosity Assessment
with MR Imaging: Validation and Clinical Feasibility. Radiology 2015, 276, 526-535. [CrossRef] [PubMed]

Hong, A.L; Ispiryan, M.; Padalkar, M.V.; Jones, B.C.; Batzdorf, A.S.; Shetye, S.S.; Pleshko, N.; Rajapakse, C.S. MRI-derived bone
porosity index correlates to bone composition and mechanical stiffness. Bone Rep. 2019, 11, 100213. [CrossRef]

Jerban, S.; Ma, Y.; Moazamian, D.; Athertya, J.; Dwek, S.; Jang, H.; Woods, G.; Chung, C.B.; Chang, E.Y.; Du, J. MRI-based
porosity index (PI) and suppression ratio (SR) in the tibial cortex show significant differences between normal, osteopenic, and
osteoporotic female subjects. Front. Endocrinol. 2023, 14, 1148345. [CrossRef] [PubMed]

Jerban, S.; Ma, Y,; Alenezi, S.; Moazamian, D.; Athertya, J.; Jang, H.; Dorthe, E.; Dlima, D.; Woods, G.; Chung, C.B.; et al.
Ultrashort Echo Time (UTE) MRI porosity index (PI) and suppression ratio (SR) correlate with the cortical bone microstructural
and mechanical properties: Ex vivo study. Bone 2023, 169, 116676. [CrossRef] [PubMed]

Seifert, A.C.; Li, C.; Wehrli, S.L.; Wehrli, EW. A Surrogate Measure of Cortical Bone Matrix Density by Long T2-Suppressed MRL
J. Bone Miner. Res. 2015, 30, 2229-2238. [CrossRef] [PubMed]

Li, C; Seifert, A.C.; Rad, H.S,; Bhagat, Y.A.; Rajapakse, C.S.; Sun, W.; Lam, S.C.B.; Wehrli, EW. Cortical Bone Water Concentration:
Dependence of MR Imaging Measures on Age and Pore Volume Fraction. Radiology 2014, 272, 796-806. [CrossRef] [PubMed]
Manhard, M.K.; Harkins, K.D.; Gochberg, D.F.; Nyman, ].S.; Does, M.D. 30-second Bound and Pore Water Concentration Mapping
of Cortical Bone using 2D UTE with Optimized Half-Pulses. Magn. Reson. Med. 2017, 77, 945-950. [CrossRef]

Shi, G.; Subramanian, S.; Cao, Q.; Demehri, S.; Siewerdsen, ].H.; Zbijewski, W. Application of a Novel Ultra-High Resolution
Multi-Detector CT in Quantitative Imaging of Trabecular Microstructure. Proc. SPIE Int. Soc. Opt. Eng. 2020, 11317, 356-362.
[CrossRef]

Majumdar, S.; Genant, HK.; Grampp, S.; Newitt, D.C.; Truong, V.-H.; Lin, J.C.; Mathur, A. Correlation of Trabecular Bone
Structure with Age, Bone Mineral Density, and Osteoporotic Status: In Vivo Studies in the Distal Radius Using High Resolution
Magnetic Resonance Imaging. J. Bone Miner. Res. 1997, 12, 111-118. [CrossRef]

Link, T.M.; Vieth, V.; Langenberg, R.; Meier, N.; Lotter, A.; Newitt, D.; Majumdar, S. Structure Analysis of High Resolution
Magnetic Resonance Imaging of the Proximal Femur: In Vitro Correlation with Biomechanical Strength and BMD. Calcif. Tissue
Int. 2003, 72, 156-165. [CrossRef]

Alberich-Bayarri, A.; Marti-Bonmati, L.; Sanz-Requena, R.; Belloch, E.; Moratal, D. In Vivo Trabecular Bone Morphologic and
Mechanical Relationship Using High-Resolution 3-T MRI. Am. ]. Roentgenol. 2008, 191, 721-726. [CrossRef] [PubMed]

Jerban, S.; Moazamian, D.; Mohammadi, H.S.; Ma, Y.; Jang, H.; Namiranian, B.; Shin, S.H.; Alenezi, S.; Shah, S.B.; Chung, C.B.;
et al. More accurate trabecular bone imaging using UTE MRI at the resonance frequency of fat. Bone 2024, 184, 117096. [CrossRef]
[PubMed]

Aoki, T.; Yamaguchi, S.; Kinoshita, S.; Hayashida, Y.; Korogi, Y. Quantification of bone marrow fat content using iterative
decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL): Reproducibility, site variation and
correlation with age and menopause. Br. J. Radiol. 2016, 89, 20150538. [CrossRef]

Li, X,; Kuo, D.; Schafer, A.L.; Porzig, A.; Link, T.M.; Black, D.; Schwartz, A.V. Quantification of Vertebral Bone Marrow Fat Content
using 3 Tesla MR spectroscopy: Reproducibility, Vertebral Variation and Applications in Osteoporosis. J. Magn. Reson. Imaging
JMRI 2011, 33, 974-979. [CrossRef]

Igbal, I.; Shahzad, G.; Rafiq, N.; Mustafa, G.; Ma, J. Deep learning-based automated detection of human knee joint’s synovial fluid
from magnetic resonance images with transfer learning. IET Image Process. 2020, 14, 1990-1998. [CrossRef]

Bonaldi, L.; Pretto, A.; Pirri, C.; Uccheddu, E; Fontanella, C.G.; Stecco, C. Deep Learning-Based Medical Images Segmentation of
Musculoskeletal Anatomical Structures: A Survey of Bottlenecks and Strategies. Bioengineering 2023, 10, 137. [CrossRef]


https://doi.org/10.1038/s41598-019-54559-3
https://doi.org/10.3390/diagnostics12051061
https://doi.org/10.1016/j.jbiomech.2005.01.012
https://doi.org/10.1002/mrm.22459
https://doi.org/10.1002/mrm.24186
https://doi.org/10.1148/radiol.15141850
https://www.ncbi.nlm.nih.gov/pubmed/26203710
https://doi.org/10.1016/j.bonr.2019.100213
https://doi.org/10.3389/fendo.2023.1148345
https://www.ncbi.nlm.nih.gov/pubmed/37025410
https://doi.org/10.1016/j.bone.2023.116676
https://www.ncbi.nlm.nih.gov/pubmed/36657630
https://doi.org/10.1002/jbmr.2580
https://www.ncbi.nlm.nih.gov/pubmed/26085307
https://doi.org/10.1148/radiol.14132585
https://www.ncbi.nlm.nih.gov/pubmed/24814179
https://doi.org/10.1002/mrm.26605
https://doi.org/10.1117/12.2552385
https://doi.org/10.1359/jbmr.1997.12.1.111
https://doi.org/10.1007/s00223-001-2132-5
https://doi.org/10.2214/AJR.07.3528
https://www.ncbi.nlm.nih.gov/pubmed/18716099
https://doi.org/10.1016/j.bone.2024.117096
https://www.ncbi.nlm.nih.gov/pubmed/38631596
https://doi.org/10.1259/bjr.20150538
https://doi.org/10.1002/jmri.22489
https://doi.org/10.1049/iet-ipr.2019.1646
https://doi.org/10.3390/bioengineering10020137

J. Imaging 2025, 11, 57 12 of 12

57. Liu, E; Zhou, Z; Jang, H.; Samsonov, A.; Zhao, G.; Kijowski, R. Deep convolutional neural network and 3D deformable approach
for tissue segmentation in musculoskeletal magnetic resonance imaging. Magn. Reson. Med. 2018, 79, 2379-2391. [CrossRef]

58. Chea, P.; Mandell, J.C. Current applications and future directions of deep learning in musculoskeletal radiology. Skelet. Radiol.
2020, 49, 183-197. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/mrm.26841
https://doi.org/10.1007/s00256-019-03284-z

	Introduction 
	Materials and Methods 
	Sample Preparation 
	UTE-MRI and Data Analysis 
	CT Imaging and Data Analysis 
	Statistical Analysis 

	Results 
	UTE-MRI Assessment of BVTV 
	CT Assessment of BVTV 
	Comparison of BVTVDual-Echo MR and BVTVCT 
	UTE-MRI Assessment of BVTV In Vivo 

	Discussion 
	Conclusions 
	References



