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Abstract Magnetic resonance imaging (MRI) is increasingly used to evaluate the microstructural
and compositional properties of bone. MRI-based biomarkers can characterize all major

compartments of bone: organic, water, fat, and mineral components. However, with a

short apparent spin-spin relaxation time (T2*), bone is invisible to conventional MRI

Keywords sequences that use long echo times. To address this shortcoming, ultrashort echo time
= magnetic resonance  MRI sequences have been developed to provide direct imaging of bone and establish a
imaging set of MRI-based biomarkers sensitive to the structural and compositional changes of

= cortical bone bone. This review article describes the MRI-based bone biomarkers representing total

\/

trabecular bone
= biomarkers

water, pore water, bound water, fat fraction, macromolecular fraction in the organic
matrix, and surrogates for mineral density. MRI-based morphological bone imaging

ultrashort echo time

\l

Bone structures can be classified as cortical bone (compact
bone) or trabecular bone (spongy bone).! Bone ultrastruc-
tural elements are composed of mineral matrix (40-70% by
volume), organic matrix (20-40%), water (10-30%), and fat
(< 5%).7-3 Bone mineral provides stiffness and strength,
particularly during compressive loading; collagen provides
ductility and the ability to absorb energy before fracture.
Bone contains more water at trabecular sites, in combina-
tion with fat in bone marrow that typically occupies > 80%
of the bone volume. Water and fat combined in trabecular
bone sites may increase up to 95% of the total volume in
patients with osteoporosis (01’0).4'5 In addition to the water
present in marrow, a fraction of bone water called pore
water (PW) resides in pores of various sizes in cortical and
trabecular bone elements, including Haversian canals (10-
200 pm), lacunae (1-10pm), and canaliculi (0.1-1pm)."2®
Most of the bone water in cortical bone is called bound

Issue Theme Biomarkers; Guest
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techniques are also briefly described.

water (BW) that is bound to the organic and mineral
matrixes.®"12

Bone formation and resorption, also called bone remod-
eling, occur continuously to replace the old bone regions
with new bone structures to respond to supposedly systemic
and mechanical skeletal needs.’-''# Clinical biomarkers of
bone remodeling have been used in several investigations
focused on bone fracture prediction, bone healing, aging, OPo
progression, and clinical interventions.’-'>'® Clinical bone
formation biomarkers are products of osteoblastic activity,
forming new bone structures. Three main groups of bone
formation biomarkers are (1) by-products of collagen type I
synthesis (e.g., propeptide of type I collagen such as C-
terminal: P1CP and N-terminal: PINP); (2) osteoblast
enzymes such as alkaline phosphatase (enzyme present in
the plasma membrane of the osteoblasts); and (3) bone
matrix proteins synthesized by osteoblasts such as
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osteocalcin, a hydroxyapatite-binding protein (i.e., GLA pro-
tein constituting 15% of the noncollagenous bone matrix).'8

In contrast, clinical bone resorption biomarkers are prod-
ucts of active osteoclastic activity, resorbing the old bone
structure. Four main groups of bone resorption biomarkers
are (1) collagen degradation products, such as telopeptides of
type I collagen (e.g., CTX-1), hydroxyproline, and pyridinium
crosslinks (e.g., pyridinoline [PYD]); (2) noncollagenous pro-
teins (e.g., sialoprotein); (3) osteoclastic enzymes (e.g., tar-
trate-resistant acid phosphatase and cathepsin K); and (4)
osteocyte activity markers (e.g., receptor activator of nuclear
factor k-B ligand).'® Monitoring at least one marker of bone
formation (e.g., serum P1NP) and a marker of bone resorption
(e.g.,serum CTX) has been recommended as reference markers
in bone-related observational and intervention studies.'”-'®
However, bone structure and composition may undergo large-
ly different rates of changes locally versus systemically; the
latter can be detected by clinical biomarkers.

The development of noninvasive imaging techniques to
characterize bone structural status is of great interest to the
orthopaedic and radiology communities. The World Health
Organization defined OPo based on the areal bone mineral
density (aBMD) measured locally at the hip or spine using the
dual-energy X-ray absorptiometry (DEXA) imaging modality.'®
Specifically, patients with an aBMD < 2.5 standard deviations
than the average aBMD of the young population (T-score
< —2.5) are diagnosed with OPo. Osteopenia (OPe) is a condi-
tion that precedes OPo in which the patient’s T-score < —1.20

Radiograph-based medical imaging biomarkers such as in
DEXA, computed tomography (CT), quantitative computed
tomography (QCT), and high-resolution peripheral QCT (HR-
PQCT) are established based on measuring aBMD or volumet-
ric bone mineral density (vBMD) and rending the spatial
distribution of the mineral component of the bone. However,
the organic matrix, water, and fat, which together represent
between 55% and ~80% of cortical and trabecular bone by
volume, respectively, are largely missed in radiograph-based
medical imaging biomarkers.2'~24 Moreover, the three-di-
mensional (3D) radiograph-based medical imaging biomark-
ers obtained using CT, QCT, and HR-pQCT require exposing the
patients to some levels of ionizing radiation that may be
concerning in longitudinal investigations. It is noteworthy
that newly developed photon-counting detector CT scanners
awaiting more validation are significantly limiting ionizing
radiation while acquiring relatively high-resolution images.?

Ultrasonography (US)-based medical imaging biomarkers
have also been developed to assess bone structures, motivated
by the need to provide portable, easily accessible, and afford-
able techniques.?®? Such biomarkers have mainly focused on
estimating the US wave velocity (or speed of sound), US
attenuation, and US backscatter.8 However, applications of
these biomarkers have been mainly limited to the superficial
sites of the skeleton,?”2%38 likely due to the artifacts associat-
ed with US modality assessing deep body sites, bone’s high US
impedance, operator dependencies, and the absence of vali-
dated US tomography attuned for bone tissue.

Magnetic resonance imaging (MRI) has been increasingly
used to evaluate the nonmineral portions of bone.3*! Re-
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markably, MRI-based bone evaluation can also provide valu-
able assessment of the surrounding soft tissues, such as
ligaments, tendons, and muscles, which is an advantage not
achievable with radiograph-based biomarkers. However, bone
is invisible to conventional MRI sequences currently used in
clinics.%?

Specifically, the bone structure has a short apparent trans-
verse relaxation time (T2* < 0.5ms); therefore, typical con-
ventional clinical MRI pulse sequences with echo times (TEs) of
a few milliseconds cannot capture the returned radiofre-
quency (RF) signal from bone.*>** To address this shortcom-
ing, ultrashort echo time (UTE) MRI sequences have been
developed to provide direct imaging of bone and establish a
set of MRI-based biomarkers sensitive to bone structural and
compositional changes.'>*~#7 The basic 3D UTE sequence
uses a short RF rectangular pulse for signal excitation followed
by 3D radial ramp sampling with minimal nominal TEs of 0.008
to 0.050 ms, depending on the hardware. Such a quick MR
signal acquisition allows UTE MRI to detect total water (TW),
including both BW and PW components, of the bone struc-
tures.'? Several pulse sequence preparations, signal acquisi-
tion, and modeling techniques combined with UTE MRI have
been proposed in the literature to characterize all other major
components of the bone.

This review article summarizes the reported MRI-based
bone biomarkers representing different bone components,
such as TW, PW, BW, fat fraction (FF), macromolecules in the
organic matrix, and surrogates of mineral density in the
cortical bone. MRI-based morphological bone imaging tech-
niques are also briefly described.

MRI-based Bone Morphological Imaging

Conventional MRI sequences generally visualize the bone
tissue with a signal void surrounded by a bright signal from
adjacent soft tissues, such as muscle, skin, and bone marrow.
Such an indirect visualization of bone elements has been
used for morphological imaging of cortical and trabecular
bone; the latter requires high-resolution acquisitions. Image
postprocessing enables extracting the 3D architecture and
morphological parameters of cortical and trabecular
bone.*3->2 Gradient-echo (GRE) and spin-echo (SE) clinical
acquisitions have been used for high-resolution trabecular
bone imaging.53 GRE-based techniques result in a shorter
scanning process due to shorter achievable repetition times
(TRs).>3 SE-based techniques lead to less distortion of signal
intensity in the bone structure and more realistic trabecular
sizes.”> Considering the average size of trabeculae, the in-
plane MRI pixel sizes are often selected to be < 0.2 mm when
spongy bone regions are focused. -~Fig. 1a shows indirect
morphological imaging of the tibial and fibular shafts using a
conventional GRE sequence. =Fig. 1b demonstrates indirect-
ly visualized trabeculae in bright bone marrow performed
with a steady-state free precession spin-echo sequence.>>
In addition to the indirect morphological imaging of bone,
several MRI sequences are capable of direct bone morpho-
logical imaging. PW may constitute up to a quarter of the
bone elements’ volume and possesses a short T2* but a
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64 MRI-based Bone Biomarkers Jerban et al.

Fig. 1 Indirect visualization of (a) cortical bone in tibial and fibular shafts using conventional gradient-echo sequence and (b) trabecular bone in
distal tibial metaphysis using the steady-state free precession spin-echo sequence. Note: Image in (b) was previously presented by

Techawiboonwong et al.142

relatively long T2 (up to 100 ms).”31%>4 Therefore, some
conventional fast spin-echo (FSE)* and short echo-time
sequences have the potential to image PW in bone that
accumulates more in highly porous cortical bone sites (e.g.,
near endosteum). Direct morphological imaging of cortical
bone with low porosity requires more advanced MRI tech-
niques, such as UTE, adiabatic inversion recovery UTE (IR-
UTE), dual-inversion recovery UTE (dual-IR-UTE), double-
inversion recovery UTE (double-IR-UTE), UTE with rescaled
echo subtraction (UTE-RS), fat-suppressed UTE, water- and
fat-suppressed proton projection imaging (WASPI), spectral
presaturation with inversion recovery (SPIR), and zero echo
time (ZTE) sequences.'?*? ~Fig. 2 shows conventional SE,
basic UTE, and IR-UTE imaging of the femoral midshaft in a
healthy 41-year-old woman. Bone demonstrates zero signal
and negative contrast in the clinical sequence, high signal
and negative contrast in the UTE MRI sequence, and high
signal and positive contrast in the IR-UTE sequence.

Direct morphological imaging of trabecular bone needs
long-T2 signal (particularly from the marrow fat) suppres-
sion, achievable using IR-UTE, dual-IR-UTE, double-IR-UTE,
WASPI, and SPIR sequences. It should be noted that MRI

UTE

The reprinting permission is granted through the RightsLink system. The figure is modified for presentation
purposes. Minor modifications were made for presentation purposes.

sequences are sensitive to chemical shift artifacts that
manifest as spatial blurring and ringing artifacts in non-
Cartesian sampling, particularly in the trabecular bone
region.”® The chemical shift artifacts from fat often are
much stronger than bone signal in UTE MRI because fatty
marrow has a much higher signal than trabecular bone
elements. Therefore, no high-resolution direct trabecular
bone imaging has been reported so far in the literature to
our knowledge.

=Table 1 briefly compares the MRI techniques just men-
tioned for direct morphological bone imaging. More details
of bone morphological imaging are provided in previous
review articles.'?40

Water Content Biomarkers

=Table 2 summarizes the reviewed MRI-based bone bio-
markers representing different bone components. UTE MRI
has been used in several studies to estimate the water
content biomarkers in the cortical bone. Water contents,
described as TW, BW, or PW, are key components in MRI
bone biomarkers, described in the following sections.

IR-UTE

Fig. 2 Representative axial images of the femoral midshaft of a healthy 41-year-old woman using (a) a clinical fast spin-echo sequence, (b) an
ultrashort echo time (UTE)-Cones sequence, and (c) an inversion recovery (IR)-UTE sequence. Bone demonstrates zero signal and negative
contrast in the clinical sequence, high signal and negative contrast in the UTE MRI sequence, and high signal and positive contrast in the IR-UTE

sequence.
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Table 1 Comparison of direct morphological bone magnetic resonance imaging techniques
MRI technique Relative bone Visualized Contrast Cortical or Scan time
signal proton pool trabecular bone
Conventional FSE>® Very low Water in High (reverse | Partial cortical Short
large pores contrast) bone
Conventional STE'2? Very low Water in High (reverse | Partial cortical Short
large pores contrast) bone
Basic UTE®=>:12 High Bound and Low Cortical bone Relatively short
pore water
UTE-RS'21:122 High Bound and High Cortical bone Moderate
pore water
ZTE'23-127 Moderate Bound and Low Cortical bone Relatively short
(low flip angle) | pore water
IR-UTE#3:57:58,64.68,76,85,86,128-130 | Hyigh Bound water | High Cortical and Long
trabecular bone
Dual-IR UTE®8.131.132 High Bound water | High Cortical and Long
trabecular bone
Double-IR UTE'33 High Bound water | High Cortical and Long
trabecular bone
Fat-suppression UTE/>88.89 High Bound and Moderate Cortical and Moderate
pore water trabecular bone
WASP|134-137 High Bound water | High Cortical and Relatively long
trabecular bone
SPIR”® High Bound water | High Cortical and Relatively long

trabecular bone

Abbreviations: FSE, fast spin echo; IR, inversion recovery; SPIR, spectral presaturation with inversion recovery; STE, short echo time; UTE, ultrashort
echo time; WASPI, water- and fat-suppressed proton projection imaging; ZTE, zero echo time.

Table 2 Comparison of the quantitative bone magnetic resonance imaging biomarkers

UTE MRI technique Biomarker Scan time | Predicted bone characteristics
Cortical Basic UTE TW density Short - Correlated positively with cortical
bone (plus phantom bone porosity and negatively with

imaging)°’~62:64-66.102.138 VBMD (LCT)®%65

- Higher TW was associated with
0Po®®

- Correlated negatively with aBMD
(DEXA) and vBMD (HR-pQCT)®®

IR-UTE BW density Moderate | - Correlated positively with cortical

(plus phantom bone stiffness, strength, and

imaging)'575&62'64'66'71 toughness to fracture®%72

DAEF-UTE§pIus phantom PW density Moderate | - Correlated positively with bone

imaging)°”-%° porosity (UCT) and negatively with

stiffness, stren;;th, and toughness
to fracture®®’

IR-UTE and UTE subtraction PW density Moderate | - Correlated positively with cortical

(plus phantom imaging)>®-64.66.73 bone porosity and negatively with

vBMD (uCT)®*

- Higher PW was associated with
0Po®®

- Correlated negatively with aBMD
(DEXA) and vBMD (HR-pQCT)®®

Bicom|]30nent UTE BW and PW relative Long - PW and BW fractions were

fitting 0.81,83,84,139 contents and T2%s correlated with cortical bone

porosity (MCT and

(Continued)
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Table 2 (Continued)

Jerban et al.

UTE MRI technique

Biomarker

Scan time

Predicted bone characteristics

histomorphometry) and vBMD,
stiffness, and strength.31-83:84 91
PW and BW correlations were
inverse

Tricomponent UTE fitting®%°'

BW, PW, and
fat relative
contents and T2*s

Long

- PW and BW fractions were
correlated with cortical bone
porosity (uCTgand vBMD, stiffness,
and strength. PW and BW

correlations were inverse

UTE to IR-UTE signal
fraction®0-77.78

TW-to-BW ratio (SR)

Moderate

- SR was correlated positively with
cortical bone porosity (UCT),
age,%%-78 aBMD (DEXA), and vBMD
(HR PQCT)GG 77

- Higher SR was associated with OPo
and Ope®®

Dual TE signal fraction’’~80

PW-to-TW ratio (PI)

Short

- Correlated positively with cortical
bone porosity (uCT), vBMD, and
donor age and negatively with
mechanical stiffness and collagen
estimation from near-infrared
spectroscopy. 78-80

- ngher Pl was associated with
0Po%®

Basic UTE signal

decomposition model’*

BW-to-PW ratio

Short

- PW fraction was correlated
positively with subject age74 The
correlations of the BW fraction
were inverse

UTE-MT

modelin964,82,83,92—95,140,141

Macromolecular
proton-to-total
proton

ratio (MMF)

Long

- MMF was correlated negatively with
cortical bone porosity (uCT and
histomorphometry) and positively

with vBMD, stiffness, and
Strength64,82,83,92—95,140,141

UTE-MT modeling and basic
UTE (plus phantom imaging)®*

MMPD

Long

- Correlated negatively with cortical
bone porosity (uCT) and subject
age®

UTE QSsM2%-97

Magnetic
susceptibility
(BMD estimation)

Long

- Correlated negatively with cortical
bone por05|ty (uCT) and positively
with vBMD?’

Basic UTE or ZTE at 3P
frequency44,58,60,62,102

Phosphorous content
(BMD estimation)

Moderate

- UTE feasnblllt% studies were
performed**

- Lower 31P was associated with
aging and OPo'%?

Trabecular
bone

SPIR UTE”®

BW T2*

Moderate

- Correlated p05|t|vely W|th cortical
bone porosity (uCT)

IR-UTE’®

BW density and T2*

Moderate

- Feasibility studles were
performed’®

Abbreviations: aBMD, areal bone mineral density; BMD, bone mineral density; BW, bound water; DEXA, dual-energy X-ray absorptiometry; HR-pQCT,

high-resolution peripheral quantitative computed tomography; IR, inversion recovery; MMF, macromolecular proton fraction; MMPD,
macromolecular proton density; MT, magnetization transfer; OPe, osteopenia; OPo, osteoporosis; Pl, porosity index; PW, pore water; QSM,

quantitative susceptibility map; SPIR, spectral presaturation with inversion recovery; SR, suppression ratio; TW, total water; pCT, micro computed
tomography; UTE, ultrashort echo time; vBMD, volumetric bone mineral density; ZTE, zero echo time.

Total Water Biomarker Using Basic Ultrashort Echo
Time

The TW content of cortical bone can be estimated by
comparing the UTE MRI signal of bone with that of an
external reference of known proton density (PD).>’®3 The
estimated content should be corrected for differences be-

tween the T2* and longitudinal relaxation time (T1) values
of bone and the external reference.®* A mixture of distilled
water and deuterated water (e.g., 20% H,O and 80% D,0,
22 mol/L 'H) with a matched effective T2* of cortical bone
(e.g., T2* ~ 0.4ms) has been the most common external
reference  standard in the literature for this

Seminars in Musculoskeletal Radiology ~ Vol. 28 No. 1/2024 © 2024. Thieme. All rights reserved.
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estimation.”’ %6164 However, rubber erasers have also
been mentioned as external phantoms in this technique
because their apparent PD and MRI properties are similar to
bone.’® TW biomarker in cortical bone was shown to be
correlated positively with cortical bone porosity and pore
size while negatively correlated with vBMD (micro comput-
ed tomography [uCT]).54%> Moreover, in an in vivo investi-
gation, a higher TW was associated with OPo, and
significant negative correlations were observed between
TW and BMD (aBMD from DEXA and vBMD from HR-
pQCT).

For accurate estimation of TW content, it is recommended
to consider, first, the difference between relaxation times of
cortical bone and the external standard; second, the spatial
variation of the coil sensitivity within the scanned field of
view; and third, the duration of the RF pulse and its homo-
geneity (or actual flip angle [FA]).>>%” Due to the short T; in
cortical bone, its effect on the TW content calculation can be
neglected if a relatively low FA is used combined with a
relatively long TR to produce a PD-weighted UTE sequence.®”

Bound Water Biomarker Using Inversion Recovery
Ultrashort Echo Time

IR-UTE sequences can suppress the long-T2 signal, potential-
ly from PW and fat, and then image BW in bone. %870
Comparing the IR-UTE signal from bone with an external
reference standard can estimate BW content.?’-58.62.64.71 pyy
content quantification based on the IR-UTE sequence
requires efficient nulling of the PW signal.>® Bound water

TWPD (mol/L)

Normal bone

BWPD (mol/L)

MRI-based Bone Biomarkers |erban et al.

proton density (BWPD) demonstrated significant positive
correlations with cortical bone stiffness, strength, and
toughness to fracture in previous ex vivo investigations.‘”’72

Pore water proton density (PWPD) in the cortical bone can
be calculated by subtracting the IR-UTE-measured BWPD
from the UTE-measured total water proton density
(TWPD).>%:6466.73 pWpD has shown a significant positive
correlation with bone porosity®* and significant negative
correlations with aBMD and vBMD.®4%¢ PWPD has also
demonstrated lower values in postmenopausal OPo female
patients compared with postmenopausal healthy women.%®

=Fig. 3 shows in vivo TWPD, BWPD, and PWPD maps in
the tibial midshaft of a representative subject with normal
bone compared with an OPo patient. The measured tibial
TWPD and PWPD were higher, whereas BWPD was lower in
the OPo patient than the normal bone subject.

Abbasi-Rad and Saligheh’* used dual-TR UTE images in
the presence of an external reference with known PD to
estimate BWPD and PWPD in cortical bone and their corre-
sponding T;s using a model-based UTE signal decomposition.
PWPD and its T; demonstrated significant positive correla-
tions with subject age.”*

Waurnig et al’® used the SPIR-UTE sequence to measure T2*
of BW in trabecular bone regions after suppressing the long T2
signal at different magnetic field strengths. The bone T2* values
showed significant correlations with bone microstructural
parameters obtained from pCT.”> However, the relatively
long T2* of ~ 2.42ms for trabecular bone regions at 3 T
measured with SPIR-UTE was significantly longer than the

PWPD (mol/L)

] &

¥ 9§ o o N

¥ 9§ o o

Fig. 3 Generated total water proton-density (TWPD), bound water proton-density (BWPD), and pore water proton-density (PWPD) maps for
(first row) a representative subject with normal bone (a 35-year-old woman) and (second row) a representative patient with osteoporosis (OPo)
(a 76-year-old woman). For these two examples, tibial TWPD and PWPD were higher; BWPD was lower for the OPo patient compared with the

normal bone subject.
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T2* of ~ 0.3 ms for cortical bone measured with IR-UTE at the
same field strength. This finding was likely due to an incom-
plete long-T2 signal suppression.

Ma et al’® used a broadband IR pulse to measure BWPD in
trabecular bone and measure BW T2*.7® A short TR-to-
inversion time (TI) ratio was used to improve signal suppres-
sion from long-T2 tissues such as muscle and marrow fat. The
suppression was followed by multi-spoke UTE acquisition to
detect signals from short-T2 water components in trabecular
bone. This technique has low sensitivity to B; and By inho-
mogeneities because it uses broadband adiabatic inversion
pulses.’® The technique has been applied ex vivo and in vivo
at 3 T and resulted in T2* values (0.3-0.45 ms) comparable
with cortical bone measures. BWPD mapping was achieved
for trabecular bone by comparing the IR-UTE signals of bone
with an external reference.”® ~Fig. 4a, b shows the sagittal
lumbar spine images using T2-weighted FSE and IR-UTE
sequences, respectively, in a healthy volunteer. ~Fig. 4c
illustrates the BWPD generated from the IR-UTE images.

Pore Water Biomarker Using Double Adiabatic Full
Passage Pulse Ultrashort Echo Time

In addition to the PW calculation by subtracting the IR-UTE-
measured BW content from UTE-measured TW content, a
double adiabatic full passage pulse was proposed to directly
image PW in cortical bone using a pulse preparation to saturate
the BW signal followed by a UTE acquisition.””-%° This tech-
nique requires excellent nulling of the BW signal, which can be
challenging. Horch et al®® used UTE MRI at 4.7 T for direct
imaging of both BW and PW and reported significant correla-
tions with the mechanical properties of cortical bone strips.
Later, Manhard et al’2 used a similar approach and demon-
strated a significant correlation between BW measured at 3 T
and the bone fracture toughness of cortical bone specimens.

Fig. 4 In vivo qualitative and quantitative imaging of the spine of a
31-year-old male volunteer using the three-dimensional (3D) inver-
sion recovery ultrashort echo time (IR-UTE)-Cones sequence. (a) The
long T2 muscle and fat are bright in the clinical T2 fast spin-echo
image. (b) The 3D IR-UTE-Cones image after coil sensitivity correction.
(c) Proton-density map of the spine trabecular bone. Note: This figure
was previously presented by Ma et al.”® The reprinting permission is
granted through the RightsLink system. The figure was modified for
presentation purposes. Minor modifications were made for presen-
tation purposes.

Pore Water-to-Total Water Ratio Biomarker Using
Dual-echo Ultrashort Echo Time

The signal ratio calculation in dual-echo UTE imaging’’"?is a
rapid UTE-based bone evaluation technique that can be per-
formed in a short time, like the previously mentioned TWPD,
BWPD, and PWPD measures (e.g., ~ 5 minutes, depending on
the UTE acquisition techniques). This method was proposed by
Rajapakse et al’® to calculate the porosity index (PI), equal to
the signal ratio between two MRI images, one with UTE
(TE<0.05ms) and one with a TE of 2.2 ms. The first echo
image represents the total detectable signal from BW, PW, and
fat. The second echo represents mostly PW and fat signals that
are in-phase at 3 T. BW signal has decayed to near zero at
the second echo. Although this technique does not estimate the
absolute PWPD or fat content, it can provide an estimation of
bone porosity. PI was shown to be positively correlated with
cortical bone porosity (uCT), vBMD, and donor age and nega-
tively correlated with mechanical stiffness and collagen esti-
mation from near-infrared spectroscopy.”®8® Moreover,
significantly higher P was observed in OPo patients compared
with OPe and subjects with normal bone.®®’”

Total Water-to-Bound Water Ratio Biomarker Using
Ultrashort Echo Time and Inversion Recovery
Ultrashort Echo Time
The signal ratio calculation between UTE and IR-UTE® is
another example of a relatively rapid UTE-based bone evalua-
tion technique, called the suppression ratio (SR). SR can be
performed using dual-band saturation-prepared UTE (DB-
UTE) or IR-UTE, aiming to suppress the long-T2 signal before
UTE acquisition. SR is a rough estimation of the TW-to-BW
ratio and demonstrated significant positive correlations with
cortical bone porosity (nCT), age,?%”® aBMD (DEXA), and vBMD
(HR-pQCT) in previous investigations.%'77 Moreover, signifi-
cantly higher SR values were reported in OPo patients com-
pared with postmenopausal normal and OPe subjects.®77 It
should be noted that SR magnitude is sensitive to the selection
of TR and TI, and an optimal combination is yet to be investi-
gated for the highest bone evaluation performance.

~Fig. 5 demonstrates the generated PI and SR pixel maps
for three representative female subjects with normal bone,
OPe, and OPo conditions.”” Pl and SR values were observed in
the following ascending order: normal < OPe < OPo. In con-
trast, the mean bone thickness was found in the following
descending order: normal > OPe > OPo.”’

Bound Water and Pore Water Biomarkers Using
Bicomponent Ultrashort Echo Time Magnetic
Resonance Imaging Modeling

The T2* of PWis ~ 10 times the T2* of BW. Thus the BW and PW
contributions to the bone signal can be distinguished using
UTE MRI acquisition techniques combined with multicompo-
nent T2* analysis.>*31-82 Such techniques do not estimate
absolute water proton content. Multicomponent T2* fitting
requires a series of MRI images with different TEs that can
extend the scanning process and limit the in vivo applications.
Bicomponent exponential T2* fitting was used in many studies
to quantify BW and PW biomarkers.'%31-83 Bae et al®' and
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Fig. 5 Generated porosity index (Pl), suppression ratio (SR), and bone thickness maps for exemplary subjects from the Normal group

(first column, 28-year-old [yo] woman), the osteopenia (OPe) group (second column, 78-yo woman), and the osteoporosis (OPo) group
(third column, 85-yo woman). Pl and SR were observed in the following ascending order: Normal < OPe < OPo. Regions with higher Pl and SR
values are likely regions with higher porosity, particularly near the endosteum. In contrast, the mean bone thickness was found in the following
descending order: Normal > OPe > OPo. The local bone thickness at each pixel equals the diameter of the largest covering circle. This figure was
previously presented by Jerban et al.”” Reprinting permission is granted under Creative Commons CGBY license (CGBY 4.0). The figure is

modified for presentation purposes.

Seifert et al®* found that BW and PW fractions obtained from
bicomponent T2* analysis were significantly correlated with
nCT-based cortical bone porosity. Bae et al also reported
significant correlations between bicomponent T2* results
and bone mechanical properties.81 Jerban et al®3 investigated
the efficacy of UTE MRI bicomponent T2* biomarkers in
detecting micropores as measured with histomorphometric
analysis.23 Bicomponent T2* was capable of detecting bone
porosities, including pores below the range rigorously detect-
able by uCT.

~Fig. 6 shows the UTE MRI, uCT, and histology images of a
representative anterior tibial bone specimen (of a 71-year-
old man).® Bone layers closer to the endosteum demon-
strate higher porosity and larger pore size. Bicomponent T2*
fittings and the histomorphometry pore size distributions
within the three bone layers are depicted in the second and

third rows of subfigures. The short-T2 fraction (Frac1) was
found to be higher in regions with lower porosity and pore
size. and peaks in pore size distributions shifted toward
lower values for layers closer to the periosteum.®3

Bound Water, Pore Water, and Fat Fraction
Biomarkers Using Tricomponent Ultrashort Echo Time
Magnetic Resonance Imaging Modeling

Human cortical bone contains considerable fat, particularly
in regions neighboring bone marrow. Different studies have
observed oscillation of average MRI signal in multiecho
acquisitions with differing TEs used in T2 fitting analy-
ses, 08586 3 phenomenon likely caused by fat chemical
shift.8” To remove or separate the fat signal from the bone
water signal, fat-suppression techniques such as chemical
shift fat saturation (fat-sat), soft-hard water excitation, and
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Fig. 6 Analyses based on magnetic resonance imaging (MRI) and histomorphometry for three representative regions of interest (ROIs) in three cortical
bone layers. Selected ROIs in three different bone layers on a representative bone specimen (male, 71-year-old) illustrated on (a) ultrashort echo time
(UTE) MRI (TE =32 ps; 250 ym pixel size), (b) micro computed tomography (UCT) (9 um pixel size), and (c) histology (hematoxylin and eosin stained;
0.2 um pixel size) images. Bicomponent exponential fitting of the T2* decay within (d) region of interest (ROI)-1, (e) ROI-2, and (f) ROI-3. The oscillating data
points indicate the presence of fat, particularly in ROI-1 and ROI-2 near the endosteum. Pore size distribution obtained from histomorphometric analyses are
shown for (g) ROI-1, (h) ROI-2, and (i) ROI-3. a.u., arbitrary unit. This figure was previously presented by Jerban et al.23 Reprinting permission is granted
through the RightsLink system. The figure is modified for presentation purposes.

Dixon methods have been used.?88° Fat-sat is widely used in
clinical MRI sequences; however, it is not suitable for bone
imaging due to the saturation of the broad spectrum of bone.
A soft-hard pulse was proposed to overcome this effect that
uses a low-power soft pulse for fat saturation in the opposite
direction of a following hard pulse.!® Dixon methods are
postprocessing approaches that separate water and fat sig-
nals, making them available for further analysis.®°

A tricomponent fitting model was developed to include fat
contribution in the acquired MRI signal, using information

from the fat nuclear magnetic resonance (NMR) spectrum.’®

Tricomponent fitting has improved estimates of BW and PW
fractions in cortical bone and also provided estimates of the fat
content in bone. Estimating water fraction by tricomponent
T2* fitting improved correlation with pCT-based porosity
compared with bicomponent fitting.°>°! Tricomponent BW
and PW biomarkers have also demonstrated higher correla-
tions with the mechanical properties of bone.’’ The tricom-
ponent model avoids BW overestimation in the endosteal side
of the cortex, a common miscalculation with bicomponent
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Fig. 7 Ultrashort echo time (UTE) magnetic resonance imaging (MRI) and micro computed tomography (uCT) images of two representative
cortical bone strips harvested from different donors possessing different porosities, in addition to bicomponent and tricomponent T2*
fitting results. (a) UTE MRI (TE =0.032 ms) image of a set of cortical bone strips with ~ 4 x 2-mm cross sections soaked in Fomblin that produces
no signal with MRI. (b, c) The pCT images of representative cortical bone strips from a 47-year-old man and a 57-year-old woman, respectively.
(d, e) Bicomponent T2* fittings for the bone strips are shown in (b) and (c), respectively. (f, g) Tricomponent T2* fittings for bone strips are shown
in (a) and (b), respectively. The oscillating signal decay in cortical bone specimens is better fitted by including the signal contribution of fat using
the tricomponent model (higher fitting R, values). a.u., arbitrary unit. This figure was previously presented by Jerban et al.?! Reprinting
permission is granted through the RightsLink system. The figure is modified for presentation purposes.

analysis.’®! Nevertheless, the estimated fat content using a
tricomponent fitting model needs to be validated in future
investigations.

~Fig. 7a shows a UTE MRI image of a set of cortical bone
strips with 4 x 2-mm cross sections placed in a 1-inch birdcage
coil.?" ~Fig. 7b, c illustrates the pCT images of samples I and Il
with 15% and 33% average porosities, respectively.®' Bicompo-
nent and tricomponent fitting analyses are shown in = Fig. 7d-
g for both specimens. Sample Il possesses a higher porosity and
shows a significant oscillating signal, which is well fitted using
the tricomponent model.

Organic Matrix Biomarkers Using Ultrashort
Echo Time Magnetization Transfer

Bone organic matrix biomarkers can provide additional infor-
mation about bone remodeling status and mechanical proper-
ties. Direct quantification of protons in collagen and other
organic molecules is challenging with the current MRI hard-
ware because such protons possess extremely short T2*s.?
Magnetization transfer (MT) imaging combined with UTE MRI
was proposed to indirectly detect protons in the organic
matrix.”>°% With MT techniques, a high-power saturation RF
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Fig. 8 (a) Micro computed tomography (pCT) image of a representative tibial specimen (male, 73-year-old) focused on the anterior tibia
with two selected regions of interest (ROIs) in the middle and outer layers. The measured porosity (Po) in the middle layer (ROI-1.2) is higher than
that of the outer layer (ROI-1.3). The two-pool magnetization transfer (MT) model analyses in (b) ROI-1.2 and (c) ROI-1.3 used three pulse
saturation powers (500 degrees in blue, 1,000 degrees in green, and 1,500 degrees in red) and five frequency offsets (2, 5, 10, 20, and 50 kHz).
MMF and T2MM refer to macromolecular fraction and macromolecular T2, respectively. a.u., arbitrary unit; BMD, bone mineral density.

This figure was previously presented by Jerban et al.>* Reprinting permission is granted through the RightsLink system. The figure is modified for

presentation purposes.

pulse is applied with a frequency offset from the water reso-
nance frequency to saturate the magnetization of protons in
the organic matrix. Saturated magnetization is transferred
from the organic matrix to neighboring BW and PW protons
that can be imaged with UTE MRI. UTE-MT assessment of the
organic matrix protons, such as the MT ratio, significantly
correlates with bone microstructural and mechanical
properties.®

The magnitude of the transferred saturation is a function
of the macromolecular proton fraction (MMF), macromolec-
ular proton transverse relaxation time (T2MM), and ex-
change rates between pools. These parameters can be
estimated with a two-pool model using UTE-MT data ac-
quired with a series of RF pulse power levels and frequency
offsets.”> MMF derived from UTE-MT modeling showed a
strong correlation with cortical bone microstructure mea-
sured via uCT and histomorphometry®3-*4 and with cortical
bone mechanical properties.®482:83.94

~Fig. 8 demonstrates differences in UTE-MT modeling
results for a dense and a porous region of a representative
tibial bone specimen.’* Two-pool MT modeling was per-
formed using three MT saturation pulse powers (500, 1,000,
and 1,500 degrees) and five off-resonance frequencies (2, 5,
10, 20, and 50kHz). Higher MMF and lower T2MM values
were measured for the denser bone region, with lower pCT-
based porosity yet higher vBMD.

Macromolecular proton density (MMPD) can be calculat-
ed as a function of MMF and TWPD.** MMPD can demon-
strate organic matrix density independent of the water
content density. =Fig. 9 shows in vivo MMF and MMPD
maps in the tibial midshaft of a representative OPo patient
compared with a normal subject. MMF and MMPD are lower
in the OPo patient.

Mineral Content Biomarkers

Although radiograph-based methods (DEXA and CT) are the
gold standards for bone mineral assessment, UTE MRI has
shown the potential to assess surrogate measures of BMD. An
accurate surrogate measure of BMD in combination with the

water and organic matrix biomarkers can complete the
quantitative MRI biomarker panel in bone evaluation. Such
a single-modality imaging of bone can provide information
about all major bone components and potentially facilitate
clinical decision-making.

Quantitative Susceptibility Mapping Biomarker

Magnetic susceptibility of bone can be mapped using the
phase changes in the MRI signal. Bone regions with stronger
magnetic susceptibilities undergo faster evolution of phase
than regions with lower susceptibility. Dimov et al’® devel-
oped a quantitative susceptibility mapping (QSM) technique

MMF (%) MMPD (mol/L)

Normal bone

OPo

R B @ & 8 o
EEN .

Fig. 9 Generated macromolecular proton fraction (MMF) and mac
romolecular proton-density (MMPD) maps for (first row) a represen-
tative subject with normal bone (a 35-year-old woman) and (second
row) a representative patient with osteoporosis (OPo) (a 76-year-old
woman). For these examples, MMF and MMPD are higher in the
patient with OPo.
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Fig. 10 (a) Quantitative susceptibility map (QSM) using Cones three-dimensional (3D) ultrashort echo time (UTE) magnetic resonance
imaging (MRI) scans (0.5 x 0.5 x 2-mm voxel size) of a representative tibial midshaft cortical bone sample (45-year-old woman). (b) A micro
computed tomography (UCT)-based volumetric bone mineral density (vBMD) map of the same specimen. Local maxima in the QSM map
correspond to the regions of high vBMD in uCT-based maps. This figure was previously presented by Jerban et al.®” Reprinting permission is
granted through the RightsLink system. The figure is modified for presentation purposes.

combined with UTE acquisition (UTE-QSM) to detect mineral
variations in the porcine hoof and human distal femur. They
reported significant correlations between radial UTE-QSM
values and radiograph attenuation in Hounsfield units mea-
sured with CT. UTE-QSM was later investigated in human tibial
cortical bone specimens, and a significant correlation with
vBMD was observed.®” ~Fig. 10 illustrates the UTE-QSM and
vBMD (uCT) map in a representative tibial bone specimen.
Local maxima of the QSM map qualitatively correspond to the
regions of high vBMD in pCT-based maps.®’

Ultrashort Echo Time *'P Proton Density

Phosphorus (i.e., >'P) imaging acquired with UTE, WASPI, or
ZTE MR sequences was used for bone mineral estimation in
several studies.”®%2°% Animal model studies have demon-
strated a high sensitivity of phosphorus imaging in detecting
compromised BMD in hypophosphatemia-induced osteoma-
lacia at 9.4 T.°°7197 The feasibility of in vivo phosphorus
imaging in human subjects was reported at 1.5 T using UTE-
based imaging of the tibia and femoral head.** More recent
bone phosphorus imaging studies at 3 T used ZTE acquis-
itions and observed a significant reduction of phosphorus
density (i.e.,, BMD) associated with OPo in postmenopausal
female subjects.”®1%2 Phosphorus imaging can be considered
a direct method of mineral imaging compared with the
previously discussed QSM method that evaluates mineral
density based on its magnetic susceptibility. However, the
hardware adjustment necessary for phosphorus imaging has
resulted in the underutilization of this technique in bone
assessment, even in research centers.

Other Biomarkers in Trabecular Bone

Several MRI-based analyses of trabecular bone have been
reported using marrow relaxometry or magnetic susceptibili-
ty measurements.*’4%103-105 These techniques can provide
indirect quantifications of trabecular bone density and struc-
ture while using low-resolution MRI images.'03:104.106.107 The

strong susceptibility between trabeculae and marrow inter-
faceleads to greatly reduced relaxation times for bone marrow.
The reduction of bone marrow relaxation time in the presence
of bone trabeculae depends on many factors, including bone
volume and bone-specific surface.*’*°> Bone marrow relaxa-
tion times were shown to be correlated with BMD in different
studies.#’~4%106-108 N oreover, trabeculae possess stronger
magnetic susceptibility compared with bone marrow. Thus
the trabecular bone sites with stronger magnetic susceptibili-
ties correspond to regions with higher average BMD. Strong
correlations between QSM and BMD in the trabecular bone of
the spine and ankle were reported in previous studies using
clinical MRI sequences.'?>10°

Alternatively, several research groups have focused on
bone marrow composition analysis, providing fat and water
proton fractions through MR spectroscopy' '~''® or iterative
decomposition of water and fat with echo asymmetry and
least-squares estimation (IDEAL).1 16-119 geveral studies
reported that FF in marrow negatively correlated with
BMD and bone volume fraction in trabecular bone.''%-117

Conclusions

Standard imaging-based bone biomarkers cannot rigorously
characterize the organic matrix, water, and fat that together
represent at least 50% of the bone volume. MRI-based
biomarkers, championed by UTE MRI acquisition, can char-
acterize all major compartments of the bone. Such single-
modality imaging of bone potentially provides a new tool to
better understand bone disease mechanisms and evaluate
clinical intervention strategies. Combined basic UTE and IR-
UTE sequences can quantify TW, BW, and PW. UTE tricom-
ponent T2* analysis distinguishes between BW and PW
signals and fractions in addition to providing FF assessment.
UTE-MT sequences can quantify the organic matrix in bone,
and UTE-QSM sequences provide a surrogate assessment of
BMD. Rapid UTE-based techniques (e.g., 5-minute scan time)
to measure water components can move to clinical studies

Seminars in Musculoskeletal Radiology ~ Vol. 28 No. 1/2024 © 2024. Thieme. All rights reserved.

73

Downloaded by: University of California - San Diego. Copyrighted material.



74

MRI-based Bone Biomarkers

Jerban et al.

with limited optimizations. MRI-based organic and mineral
matrix biomarkers require more optimization and accelera-

tio
int

n via parallel imaging, compressed sensing, or artificial
elligence techniques to achieve an acceptable scanning

time appropriate for clinical studies.
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