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Abstract

Purpose of Review The in vivo study of molecular processes in human bone marrow is important for both diagnostics and
understanding of disease pathophysiology. Traditionally, the hematopoietic component of the bone marrow has been a research
focus, but recently, the role of bone marrow adipose tissue has been gaining interest in many applications. The purpose of the
present review is to give an overview of existing imaging modalities allowing in vivo molecular imaging of bone marrow adipose
tissue in humans with an emphasis on technical aspects: the characteristics of the extracted parameters and their application in
bone marrow adipose tissue.

Recent Findings Magnetic resonance (MR) imaging (MRI) and spectroscopy (MRS) are the most frequently used imaging
methods for the examination of bone marrow adipose tissue as they provide rich soft tissue contrast and come without
ionizing radiation. Existing MR methods allow the extraction of many different measures including proton density fat
fraction, fatty acid characteristics, and diffusion and perfusion properties. However, many available techniques have to
be carefully adjusted to be used in the investigation of the fat signal component, especially in the presence of trabecular
bone. Dual-energy computed tomography (DECT) is an emerging technique—not yet widely available—which appears
to be a promising alternative to MR for rapid fat fraction assessment. Positron emission tomography (PET) allows
additional functional metabolic imaging and therefore provides valuable additional information (e.g., glucose uptake)
to MR-based parameters at the cost of ionizing radiation.

Summary Bone marrow imaging still appears to be a niche with remaining technical challenges using existing imaging modal-
ities. A good working knowledge of the underlying physical and technical principles is required as most techniques are yet not
available out of the box and may need to be adjusted to fit the requirements for bone marrow adipose tissue imaging. In summary,
MR, DECT, and PET enable the measurement of several inherently different parameters in in vivo molecular imaging of bone
marrow adipose tissue. The growing interest for molecular imaging markers of bone marrow, thanks to its high metabolic and
clinical significance, may eventually lead to new developments, as well as improvements of emerging techniques as soon as they
become more broadly available.

Keywords Molecular imaging - Bone marrow adipose tissue - Bone marrow fat - Bone marrow adipocytes - Magnetic resonance
imaging - Magnetic resonance spectroscopy

Introduction

This article is part of the Topical Collection on Molecular Biology of Bone

M Fat Adj 1 . . . .
arrow Frat Adiposity Bone marrow describes one of the interior tissues of bones.

Bone marrow is surrounded by cortical bone and comprises
the hematopoietic component and the marrow adipose tissue
(MAT). Depending on the type of bone, a trabecular bone
network may be additionally present; if trabecular bone is
present, the bone marrow fills up the cavities between the
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includes mainly hematopoietic cells but also some adipocytes.
During the process of aging, red bone marrow is gradually
converted to yellow bone marrow as a function of the skeletal
site. In adults, the red bone marrow is mainly found in the
axial skeleton. Recent findings have suggested to adjust the
traditional concept of red and yellow bone marrow by a fur-
ther MAT classification into constitutive and regulated MAT
(cMAT/rMAT) [1, 2]. Specifically, Scheller et al. [3] intro-
duced the concept of rMAT referring to bone marrow adipo-
cytes interspersed with active hematopoiesis and its counter-
part, cMAT which refers to bone marrow adipocytes in regions
with low hematopoiesis and preservation upon systemic
challenges.

In vivo molecular imaging of bone marrow adipose tissue
is aiming at the spatially resolved characterization of its mo-
lecular content and the monitoring of molecular processes in
the living organism. Suitable imaging modalities therefore
require to interfere only insignificantly with the tissue and
processes under investigation. Imaging modalities meeting
the aforementioned requirements typically include magnetic
resonance imaging (MRI), computed tomography (CT), and
positron emission tomography (PET).

In the past, the hematopoietic component in bone mar-
row was the focus of most carried out research activities
due to its obvious important role in disease such as leu-
kemia or sickle-cell disease. However, for the last
10 years, there has been a growing interest also in the
role of the adipose tissue residing in bone marrow and
potential value of bone MAT (BMAT)-derived biomarkers
[4-8], highlighted also by the formation of a new scien-
tific society entirely focusing on bone marrow adipose
tissue [9, 10].

The purpose of the present review is to provide an over-
view of (i) existing in vivo imaging modalities and (ii) their
recent application in BMAT with an emphasis on research
carried out in humans focusing on normal physiology in the
last 5 years. Therefore, technical aspects are presented in the
first part of the review, while the second part then describes
their application in recent studies.

Literature Search

A literature search was conducted using the electronic
PubMed database (http://www.ncbi.nlm.nih.gov/pubmed) in
December 2017 in order to identify relevant publications of
the last 5 years. Search terms used included the term “bone
marrow adipose tissue / adipocytes / fat” and one or more of
the following terms: “imaging, spectroscopy, MRI, PET, CT.”
General inclusion criteria included publication in English and
in vivo studies in humans with respect to normal physiology,
and MR-based methods were required to be at least semi-
quantitative. Exceptions to the inclusion criteria of “in vivo
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studies in humans with respect to normal physiology” were
made if only very limited literature was available on a partic-
ular topic or to emphasize on technical or translational aspects.
The references of relevant articles were also screened.

Technical Aspects of Bone Marrow Adipose
Tissue Imaging

A variety of histological and optical imaging modalities inves-
tigating different chemical and physical properties exist that
can theoretically be used to examine BMAT. However, most
of such histological and optical imaging modalities that may
be used to examine BMAT are implicitly invasive to a certain
extent, e.g., as they require biopsy. Magnetic resonance (MR),
CT, and PET are the three most commonly used modalities in
in vivo non-invasive characterization of human BMAT.
Compared to histology, in vivo imaging modality techniques
have much lower spatial resolution, but allow the examination
of tissue within the living organism and can easily cover much
larger anatomical regions. The technical aspects of using MR,
CT, and PET for in vivo imaging of human BMAT are briefly
discussed in the following.

Magnetic Resonance

MR is particularly suitable for the characterization of BMAT
thanks to its manifold and high soft tissue contrast. The fact
that MR is a non-ionizing technique makes it furthermore very
attractive in cross-sectional or longitudinal studies involving
humans where ionizing radiation and invasive procedures are
a safety and ethical concern. However, one disadvantage is the
longer scan time and higher cost of MR as compared to CT.
Conventional MRI usually involves only the assessment of
qualitative contrasts (e.g., T1-weighted and T2-weighted im-
ages) which are used to identify qualitative abnormal signal
patterns with application, e.g., in the diagnosis of bone mar-
row lesions and treatment monitoring of pathologies including
bone marrow malignancies, bone metastases, and multiple
myeloma [11]. The extraction of quantitative parameters using
MR requires additional effort as this involves the often non-
trivial elimination of confounding effects. Over the last years,
increasingly more quantitative MR techniques have been
emerging allowing to investigate molecular properties includ-
ing diffusion properties [12], cellularity [13], proportional wa-
ter—fat content [14], and fatty acid characterization [15]. The
application of quantitative MR methods in bone marrow has
also recently been reviewed by Karampinos et al. [16].

Bone marrow MR primarily focuses on the hydrogen pro-
ton properties of water and fat molecules within the bone
marrow. Hydrogen protons experience a shielding effect orig-
inating from the surrounding electron clouds which depend on
the embedding chemical structure. The difference in the
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shielding effect leads to a different chemical shift which is an
important property for differentiating water and fat molecules.
MR spectroscopy (MRS) allows the extraction of rich infor-
mation in the chemical shift domain but with only limited
spatial information. This is particularly true for single-voxel
MRS (SV-MRS) where the signal information is averaged
over a volume of interest and therefore multiple measurements
are required to gain information about spatial variation. In
order to receive spatial information, MRI methods can be
used, which in contrast to MRS only provide limited informa-
tion in chemical shift domain. The combination of both MRS
and MRI is referred to as MR spectroscopic imaging (MRSI)
but is rarely found in musculoskeletal applications due to the
extensively prolonged scan time and many technical chal-
lenges. Chemical shift encoding-based imaging (CSEI) tries
to fill the gap between MRS and MRSI. CSEI is typically
based on an imaging sequence that also acquires some addi-
tional information in the chemical shift domain maintaining
reasonable scan times. The additional information in the
chemical shift domain can then be used to model the param-
eters of interest. CSEI has been heavily used to differentiate
between proton signals coming from water and fat molecules
and is also known as Dixon imaging.

The most commonly used proton MR-based parameters in
BMAT are briefly described in the following section and in-
clude fat fraction, metrics of fatty acid composition, diffusion,
perfusion, and magnetization transfer.

Fat Fraction

Fat fraction measurements using MR refer to the definition of
the fat fraction as the ratio of the MR-measured fat signal over
the sum of the MR-measured fat plus water signal. Fat fraction
is one of the most commonly investigated parameters in
BMAT. Traditionally, fat fraction measurements have been
dependent on the employed MR technique as well as the se-
lected MR sequence parameters and should therefore only be
considered as semi-quantitative and are referred to as signal-
weighted fat fraction (sFF) from here on. More recent efforts
have been aiming at removing confounding factors (e.g., re-
laxation time weighting) in order to achieve a quantitative fat
fraction measure reflecting the proton density ratio of water
and fat also known as proton density fat fraction (PDFF) [17].

MRS achieves high reproducibility in the measurement of
fat fraction and is therefore usually considered as the MR gold
standard for fat fraction measurements. This has been shown
for sFF measurements using SV-MRS in femoral bone mar-
row [18] and also vertebral bone marrow [19, 20].

The extraction of PDFF values using SV-MRS methods also
requires the consideration of confounding factors. As shown by
Dieckmeyer et al. [21¢], the correction of T2 relaxation is not
only required to obtain correct PDFF measurements but also
showed a strong effect on the obtained fat fraction values

arising from the negative correlation of the T2 of water with
age in female subjects.

Bone marrow fat fraction measurements have also been
validated against histology by MacEwan et al. [13] and
Arentsen et al. [22] yielding good inter-modality correlation
of vertebral bone marrow fat fraction values with histology.

CSElI-based water—fat imaging has been shown to achieve
high accuracy and reproducibility in the assessment of PDFF
[23]. Furthermore, it enables spatially resolved fat fraction
mapping in a reasonable acquisition time, which is, e.g., ben-
eficial in whole spine imaging [24, 25¢]. Nevertheless, in the
assessment of BMAT PDFF, additional confounding factors
have to be acknowledged, i.e., a fat fraction bias due to the
presence of trabecular bone [26, 27] and T2* relaxation effects
[28]. Figure 1 shows exemplary whole spine PDFF maps in
two pediatric subjects.

Le Ster et al. [30, 31] investigated CSEI for measuring not
only PDFF but also T1 and T2* of water and fat comparing
the bone marrow of the lumbar spine, sternum, humerus, ili-
um, and femur. Using their technique, Le Ster et al. [31] re-
ported a strong negative correlation between the T1 of water
and PDFF.

Fatty Acid Characterization

Covalent bound protons in lipids experience a shielding effect
depending on the surrounding electron clouds and therefore
comprise information about the chemical structure in the di-
rect neighborhood. The difference in the shielding effect leads
to a different chemical shift which can then be measured
using, e.g., MRS. Assuming that all signal rising protons be-
long to water and triacylglycerides (TAGs) only, a mixture of
saturated, mono-unsaturated, and poly-unsaturated TAGs can
be characterized by three main parameters: the number of
double bonds per TAG (ndb), the number of methylene-
interrupted double bonds per TAG (nmidb), and the mean
fatty acid carbon chain length (CL) [32]. However, due to
the limited linewidths that can be achieved and the dominant
water signal in some bone marrow compartments (e.g., in the
spine), it is sometimes only feasible to extract, e.g., a measure
of unsaturation based on a measured peak ratio. To overcome
issues with the dominant water peak in vertebral bone marrow,
especially in younger subjects, long echo time measurements
(stimulated echo acquisition mode (STEAM) with TE =

100 ms and TM =20 ms or point resolved spectroscopy
(PRESS) with TE =200 ms) have been proposed for bone
marrow unsaturation measurements albeit the decreased
SNR and additional J-coupling modulation of the signal [33,
34]. Fallone et al. [35] reported recently that also the estima-
tion of relative omega-3 fatty acid concentration is feasible in
tibial bone marrow using optimized MRS parameters
(STEAM with TE=120 ms, TM =20 ms, and PRESS with
TE = 180 ms). Furthermore, the extracted parameters may also
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Fig. 1 Example PDFF maps from [29] using CSEI at 3 T. PDFF
measurements in lumbar vertebral bone marrow yield values close to
0% and around 15% in the 0.4-y/o male and 1.1-y/o female,
respectively. Courtesy of Houchun H. Hu and Jeffrey H. Miller from
Phoenix Children’s Hospital, AZ, USA. y/o, year-old

largely vary depending on the employed peak fitting method:
in order to achieve reliable and reproducible parameter quan-
tification, Xu et al. [36] recently proposed a combination of a
frequency model and time-domain analysis. Yet, there is no
consensus on the optimal quantification strategy for the ex-
traction of bone marrow fatty acid characteristics.

Diffusion

Diffusion effects due to Brownian motion induce additional
attenuation of the acquired signal. The extracted signal infor-
mation can be associated with the bone marrow microstructure
yielding information beyond the imaging resolution. Studies
including quantitative diffusion measurements usually report
an apparent diffusion coefficient (ADC) to also acknowledge
remaining confounding effects such as restricted diffusion
[37]. Diffusion measurements have been mainly focusing on
the water component in BMAT where (residual) fat signal is
usually considered as a confounding effect [38¢]. Due to the
low diffusion coefficient of lipids compared to the diffusion
coefficient of water, the required b values for fat diffusion
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measurements (a measure reflecting the strength and timing
of the diffusion-weighting gradients) increase, and therefore
also the sensitivity to incoherent motion increases as well.
Steidle et al. [39] employed diffusion-weighted (DW) echo-
planar imaging (EPI) at 1.5 T with b values up to 50,000 s/
mm? in the lower extremities and extracted ADC values in
tibial BMAT in the order of 2 x 10> mm?/s. For comparison,
the ADC of water in vertebral bone marrow is two orders of
magnitude higher [40].

Perfusion

Perfusion MRI allows the extraction of blood delivery-
associated parameters including, e.g., blood volume and blood
flow. Bone marrow perfusion measurements are commonly
based on T1-weighted dynamic contrast-enhanced (DCE)
MRI using either a semi-quantitative approach based on,
e.g., the maximum enhancement or the slope of the signal—
time curve or a quantitative approach which requires the arte-
rial input function and kinetic analysis of the tracer [41]. Many
studies have employed a semi-quantitative approach, although
the presence of BMAT as a confounder may require a quanti-
tative analysis [42].

Magnetization Transfer

Magnetization transfer (MT) describes the interaction between
(usually) two proton pools with an inherent different T2-de-
cay, e.g., a free proton pool with long T2 relaxation time and a
bound proton pool (e.g., bound to macromolecules) with short
T2 relaxation. MT in bone marrow using MRS was first in-
vestigated by Schick et al. [43] and then also picked up in
other technical studies [44-46]. However, there were no re-
cent research activities published with respect to this
technique.

Computed Tomography

CT measures the attenuation characteristics of ionizing gam-
ma rays penetrating the object of interest. The advantage of
CT is its short acquisition time compared to MRI and PET.
Conventional CT shows typically only a low soft tissue con-
trast which makes it difficult to monitor quantitative changes
in bone marrow. In order to obtain a quantitative measure, CT
images have to be calibrated—usually using a calibration
phantom—in order to obtain the quantitative attenuation mea-
sure Hounsfield unit (HU). Newly emerging techniques in-
cluding multi-energy CT (MECT) and dual-energy CT
(DECT) allow the differentiation of elemental compositions
enabling mass density quantification of a given material mix-
ture with known elemental composition [47]. The additional
degree of information using MECT [48] and DECT can not
only improve bone mineral density measurements [49, 50] but
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also help in the diagnosis of bone marrow lesions [51, 52] and
DECT-based fat fraction measurements were found to be in
agreement with single voxel MRS [22, 53¢] and CSEI [54].
Recently, Arentsen et al. [55] presented a DECT-based meth-
od for MAT quantification including high correlation with sFF
obtained with CSEI. Additionally, marrow-corrected volumet-
ric bone mineral density measurements were obtained with
potential application in the monitoring of bone health.

Positron Emission Tomography

PET is the classical imaging modality of choice for functional
metabolic imaging. It is usually combined with CT or MRI to
acquire also anatomical information on which the metabolic
function can be mapped. The technique itself is based on the
detection of paired gamma rays indirectly sent out by a
positron-emitting (beta particle) radionuclide which is also called
the tracer. This tracer is bound in a molecule which is biologically
active in the metabolic process of interest. The most commonly
used tracer is a glucose analog called fluorine-18 (F-18)
fluorodeoxyglucose (FDG) due to its important role in oncology
for the diagnosis of tumors and metastasis [56]. FDG is picked up
by the glucose metabolism and is therefore indicating cell prolif-
eration. One tracer that is particularly used in bone imaging is F-
18-labeled NaF (**F-fluoride) [57] due to its high and rapid bone
uptake in combination with rapid blood clearance resulting in a
high bone-to-background ratio. Other tracers which appear inter-
esting in the context of BMAT are C-11-labeled methionine
which is involved in the synthesis of phospholipids [58, 59]
and copper-64-labeled liposomes, which showed good results
selectively targeting bone marrow tumors in an animal study
by Lee et al. [60].

Applications of Molecular Imaging in Recent
Bone Marrow Adipose Tissue Studies

Molecular imaging of BMAT is gaining in attention as a perspec-
tive in clinical applications in osteoporosis, diabetes, anorexia
nervosa, and obesity [6, 61, 62]. However, before an imaging
method can be used in a clinical application, the technique has to
be tested in terms of its accuracy, reproducibility, and robustness.
The following section summarizes recent studies investigating
normal BMAT physiology and selected studies that are of par-
ticular interest due to the applied methodology. An accompany-
ing overview of main findings is given in Table 1.

Magnetic Resonance

Normal spinal bone marrow fat fraction development as a func-
tion of age using MR has been investigated in numerus studies.
First studies by Kugel et al. [63] and Griffith et al. [64] investi-
gated BMAT sFF in the L3 vertebra as a function of age using

MRS. Griffith et al. reported based on their own data and data
from Kugel et al. that sFF was higher in men compared to that in
women in age groups from 11 to 60 years but then reversed in the
age groups from 60 to 90 years because of stronger increase of
sFF in women compared to men after menopause. This trend was
also confirmed by several other studies [13, 65, 66, 71]. Ruschke
et al. [29] reported 0% PDFF shortly after birth followed by a
strong increase in PDFF as a function of age independent of sex
employing CSEI in pediatrics. Intra-individual bone marrow fat
fraction variations as function of vertebra location were first in-
vestigated using MRS [19] and showed increasing sFF from the
L1 to L4 vertebral bodies. Using CSEI-based PDFF measure-
ment, this trend could be confirmed from C3 to L5 [25¢, 29] with
an absolute precision error of 1.7% [25¢] averaged over the
whole spine. Mistry et al. [70] found in a Reykjavik cohort that
higher bone marrow fat fraction assessed in the lumbar spine is
also associated with lower total testosterone and estradiol levels
in older men. A similar trend was also non-significantly observed
in older females.

In 2013, Patch et al. [75] reported in a study that a decrease in
unsaturation levels and an increase in saturation levels in verte-
bral bone marrow fat were both associated with a higher preva-
lence of fragility fractures even after adjustment for age and
BMD in diabetic patients. Interestingly, fat fraction did not show
any correlation with fracture status. Consequently, this finding
raised interest in the assessment of fatty acid characteristics of
bone marrow. Fatty acid unsaturation was also characterized in
the L3 vertebra as a function of age by Maciel et al. [66]. Maciel
et al. reported that increasing BMAT fat fraction and saturated
lipid level are correlating with age. Li et al. [68] investigated
similar parameters in the iliac crest using ex vivo proton MAS
NMR and reported lowered lipid unsaturation and elevated lipid
saturation levels with decreasing bone mineral density.
Histomorphometry of transiliac crest biopsy also correlated with
sFF determined in the L3 vertebra whereas there was no associ-
ation with femoral sFF [69]. Pansini et al. [67] compared sFF
measurements at different bone marrow sites and reported an
age- and sex-independent fat fraction gradient decreasing from
the greater trochanter to the femoral head to the femoral neck to
the diaphysis and finally to the acetabulum. The trend of an
increasing bone marrow fat fraction was also found in the ilium
and intertrochanteric femur from premenopausal to postmeno-
pausal women while the assessed PDFF in the great trochanter
was not correlating with age [72].

Diffusion characteristics of bone marrow were predomi-
nantly examined in the spine for the differentiation of benign
and malignant vertebral compression fractures. However, the
extracted absolute ADC values rely on the applied method and
range between 0.2 and 0.6 x 10° mm?/s in normal vertebral
bone marrow making it difficult to compare different studies
[40].

Bone marrow perfusion characteristics were investigated in
osteoporotic patients with acute vertebral fractures by Biffar
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Table 1 Summary of selected studies recently investigating bone marrow adipose tissue reporting parameters associated with normal physiology
Effect/main observation Cohort Measurement details
Modality Study
MRS Spine L3: sFF 1 with age; sFF in men > sFF in women for 154 @ + & sFF with SV-PRESS (TR/TE=2000/40 ms) @ 1.5 T [63]
all age groups from 11 to 60+ years
Spine L3: sFF 1 with age; sFF in men > sFF in women for 145 @, 114 & sFF with SV-PRESS (TR/TE =3000/25 ms) @ 1.5 T [64]
all age groups from 11 to < 60 years; sFF in men < sFF
in women for all age groups from 60 to 90 years
sFF 1 in spine from L1 to L4 519 sFF with SV-PRESS (TR/TE =3000/37 ms) @1.5 T [19]
Spine L1 to L5: sFF 1 with age; sFF in men > sFF in 249,203 sFF with SV-PRESS (TR/TE =1500/30 ms) @ 3 T [65]
women for age groups from 30 to 39 years; sFF in
men ~ = sFF in women for age groups from 40 to
69 years
Spine L3: FF 1, saturation 1, unsaturation 1 with age 309,214 FF with SV-PRESS (TR =2000 ms TE =40/60/80 ms) @ [66]
3T
Acetabulum, femoral head, femoral neck, greater 40 9,40 IS SFF with SV-STEAM (TR/TE =5000/20 ms) @ 3 T [67]
trochanter, and diaphysis: sFF from high to low (age and
sex independent): greater trochanter > femoral
head > femoral neck > diaphysis > acetabulum
Iliac crest: | unsaturation and fsaturation levels with | 24 Q MAS NMR: in vitro (iliac crest aspiration) [68]
BMD
Spine L3 and femur: transiliac crest biopsies correlates 16 ¢ sFF with SV-PRESS (TR/TE=3000/25 ms) @ 1.5 T [69]
with sFF in L3 vertebrae but not with proximal femur
Spine L1 to L4: sFF 1 is associated with | total estradiol 226 @, 244 & sFF with SV-PRESS @ 1.5 T [70]
and testosterone levels in older men; same
non-significant association also in older women
MRI Spine L4 or L5: sFF 1 with age faster for women compared 44 Q + & sFF with 2-echo-CSEI @ 3 T [71]
to men
Lumbar spine, ilium, and intertrochanteric femur: PDFF 1 31 @ PDFF with 6-echo-CSEI @ 3 T [72]
with age; average PDFF of post- menopausal females >
pre-menopausal females; greater trochanter: PDFF no
correlation with age
Spine C3 to L5: mean PDFF 1 from C3 to LS; absolute 112,178 PDFF with 8-echo-CSEI @ 3 T [25]
precision error of 1.7% averaged over C3 to LS5;
Spine C3 to L5: mean PDFF 1 from C3 to L5; PDFF 49 Q9,44 3 PDFF with 6-echo-CSEI @ 3 T [29]
correlates natural logarithm of age
Normal vertebral bone marrow ADC between 0.2 and Meta-analysis of 16 studies @ 1-3 T [40]
0.6 x 10° mm’/s
Spine T8 to L5: mean plasma flow and volume | from T8 6 @, 4 & DCE-MRI @ 1.5 T [42]
to LS;
DECT Spine C3 to L5: 1 fat fraction from C3 to L5 20 9;24 h PM DECT: 80 kVp/140 kVp [55]
PET Higher red bone marrow volume per body weight in men 102 Q@ + FDG-PET/CT [73]
compared to women; red/yellow bone marrow ratio in patients
the intraosseous volume in women > men
Humerus, T-spine, L-spine, pelvis, femur: | sFF with 1 110 @ + 3 FDG-PET/MRI; MRI: 2-echo-CSEL ssDW-EPI @ 3 T [74ee]
SUV; | sFF with 1 ADC patients

Q, women; ¢, men; kVp, peak kilovoltage; PM, postmortem; ss, single -shot

et al. [42]. In their control group (10 subjects), Biffar et al.
reported decreasing quantitative plasma flow and plasma vol-
ume from the T8 to LS vertebrae. In a quantitative DCE-MRI
study by Breault et al. [76], the two groups of women with age
under and over 50 years, respectively, showed only slight
effects of age and on perfusion parameters.

Computed Tomography
There is very limited data available exploring normal physi-

ology of BMAT in vivo using DECT-based methods.
Recently, Arentsen et al. [55] assessed DECT-based BMAT
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fat fractions (DECT-FF) using full body DECT in women
within 24 h postmortem. They showed a high correlation of
DECT-based fat fraction with sFF using CSEI. In agreement
with other MRI-based studies [25¢, 29], they also reported
increasing fat fraction from C3 to L5 vertebra using their
method.

Positron Emission Tomography
FDG-PET/CT was employed by Sambuceti et al. [73] to ex-

amine bone marrow extension and activity throughout the
whole body in non-metastatic melanoma patients. The CT
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images allowed Sambuceti et al. to precisely define the
intraosseous volume which could then be used to mask bone
marrow in the FDG-standardized uptake values (SUV) maps.
Subsequently, for mean spine SUV — 2.5 times the measured
standard deviation was defined as red marrow, while voxels
with SUV < 1.11 were defined as yellow marrow. As a result,
they found a higher prevalence of red bone marrow in the
axial skeleton and higher red bone marrow volume per body
weight in men compared to women. However, the red/yellow
bone marrow ratio in the intraosseous volume was higher in
women compared to that in men. Although not statistically
assessed, red/yellow bone marrow ratio tended to slightly de-
crease from cervical to lumbar spine. Furthermore, the age
showed an inverse correlation with the extracted red bone
marrow volume while this trend was less pronounced in aver-
age red bone marrow SUV.

Schraml et al. [74¢¢] analyzed bone marrow fat fraction,
ADC, and metabolic activity measured as SUV in various skel-
etal sites in 110 cancer patients using 18F-FDG-PET/MR. MRI
included sFF using CSEI and diffusion-weighted echo-planar
imaging. They found an inverse correlation between sFF and
SUV, as well as sFF and ADC, respectively. Increasing mean
sFF (from low to high) was measured in T-spine, L-spine, pelvis,
femur, and humerus with respective inverse correlations of SUV
and ADC excepting for the T-spine which correction between
sFF and ADC did not reach significance.

FDG-PET is also considered as the imaging gold standard for
brown adipose tissue quantification. FDG-PET measurements
investigating brown adipose tissue also show an uptake in the
bone marrow, especially in the spinal bone marrow, which
among other findings [77] suggest potential similarities. For ex-
ample, Lee et al. [78] investigated the relationship between
brown adipogenesis and bone mineral density using FDG-PET
and found that higher BMD was associated with brown adipose
tissue volume in women, while there was no correlation in men.
Unfortunately, this study did not include further characterization
of the bone marrow uptake and its potential relation with BMD.

Conclusions

Auwailable techniques for in vivo metabolic imaging of BMAT
are not widespread and require a good understanding of the
underlying technical and physical principles. Currently, the
most commonly used modalities include MR, CT, and PET,
whereas MR holds the biggest share due to its non-invasive
and non-ionizing properties. MR allows the measurement of
many different parameters that may be of interest in BMAT
including fat fraction, fatty acid characteristics, diffusion, per-
fusion, and magnetization transfer. However, many available
techniques—except for fat fraction assessment and fatty acid
characterization—have been developed and extensively tested
for water proton signals and can therefore not directly be

applied to the spectrally more complex fat signal.
Conventional CT itself is not applicable to measure BMAT
properties but new developments towards DECT, which allow
simple tissue decomposition, maybe used in the future when
they come broadly available. PET, often combined with CT or
MR, allows to obtain information about a specific metabolic
function based on the given tracer, e.g., FDG-PET can be used
to label the glucose metabolism in BMAT. It is expected that
additional effort will be put into technical developments for
in vivo metabolic imaging of BMAT since BMAT has been
gaining attention over the last years due to potential clinical
applications in, e.g., osteoporosis, diabetes, and obesity.
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