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Fat and bone: the multiperspective analysis of a close relationship
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Abstract: The study of bone has for many years been focused on the study of its mineralized component,
and one of the main objects of study as radiology developed as a medical specialty. The assessment has until
recently been almost limited to its role as principal component of the scaffolding of the human body. Bone is
a very active tissue, in continuous cross-talk with other organs and systems, with functions that are endocrine
and paracrine and that have an important involvement in metabolism, ageing and health in general. Bone
is also the continent for the bone marrow, in the form of “yellow marrow” (mainly adipocytes) or “red
marrow” (hematopoietic cells and adipocytes). Recently, numerous studies have focused on these adipocytes
contained in the bone marrow, often referred to as marrow adipose tissue (MAT). Bone marrow adipocytes
do not only work as storage tissue, but are also endocrine and paracrine cells, with the potential to contribute
to local bone homeostasis and systemic metabolism. Many metabolic disorders (osteoporosis, obesity,
diabetes) have a complex and still not well-established relationship with MAT. The development of imaging
methods, in particular the development of cross-sectional imaging has helped us to understand how much
more laid beyond our classical way to look at bone. The impact on the mineralized component of bone in
some cases (e.g., osteoporosis) is well-established, and has been extensively analyzed and quantified through
different radiological methods. The application of advanced magnetic resonance techniques has unlocked the
possibility to access the detailed study, characterization and quantification of the bone marrow components
in a non-invasive way. In this review, we will address what is the evidence on the physiological role of MAT
in normal skeletal health (interaction with the other bone components), during the process of normal aging
and in the context of some metabolic disorders, highlighting the role that imaging methods play in helping

with quantification and diagnosis.
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Introduction the development of pathological conditions, bone was for

many years the main object of study as radiology developed
The radiological assessment of bone has for many years as a medical specialty. Bone has been a recurrent topic since
been focused on the study of its mineralized component. the dawn of radiological literature. However, this assessment

From the perspective of its involvement in locomotion to has until recently been almost limited to its role as principal
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component of the scaffolding of the human body. The
development of cross-sectional approach to imaging, with
the introduction of computed tomography (CT), gave us a
better progressive understanding of how much more laid
beyond our classical way to look at bone (1). The arrival of
magnetic resonance (MR) unlocked the possibility of direct
imaging assessment of the bone marrow, which had been
there all along, but almost occult to the eyes of diagnosis.

"Today, we know bone is a very active tissue, in continuous
cross-talk with other organs and systems, with functions
that are endocrine and paracrine and that have an important
involvement in metabolism, ageing and health in general.

As a clear example, a tight functional bond has already
been demonstrated between bone and muscle. They
are considered as a unit when it comes to movement.
But beyond this, the connections run deeper, with their
development and maintenance mutually modulated, and
influenced by normal aging and pathological status (2).

Bone can act as an endocrine organ through factors
secreted by osteocytes [e.g., osteocalcin (OCN), transforming
growth factor B, prostaglandin E2] (3), establishing feedback
with organs like the kidney, but also with muscle, which is
also a secretory organ, with a regulatory function through
factors that are secreted by muscle cells (e.g., myostatin,
irisin, B-aminoisobutyric acid). Interestingly enough, some
aspects of the endocrine interaction between bone and
muscle appear to be regulated by load (4).

Bone is also the continent for the bone marrow. Bone
marrow fills the “gaps” in the trabecular bone, and has
the form of “yellow marrow” (mainly adipocytes) or “red
marrow” (hematopoietic cells and adipocytes). Recently,
numerous studies have focused on these adipocytes
contained in the bone marrow, often referred to as
marrow adipose tissue (MAT). There is evidence that
the bone marrow adipocytes do not only work as storage
tissue, but are also endocrine and paracrine cells, with the
potential to contribute to local (bone homeostasis and also
hematopoiesis) and systemic metabolism.

In this sense, MAT plays a role in bone health, through
its interaction with the other components of bone. Many
metabolic disorders (osteoporosis, obesity, diabetes) have
a complex and still not well-established relationship with
bone health (5), and just as they relate to the mineralized
component of bone, they have links to MAT. Their impact
on the mineralized component of bone is well-established,
and analyzed and quantified through different radiological
diagnostic methods (1,6).

The purpose of this work is to review the evidence
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linking MAT to metabolic disorders with an impact on bone
health, highlighting the role that imaging methods play in
helping with quantification and diagnosis. The review will
briefly address what is the evidence on the physiological
role of MAT in normal skeletal health (interaction with
the other bone components), during the process of normal
aging and in the context of pathological bone status.

Anatomy of the bone marrow fat
Origin and distribution

In adults, approximately 85% of the adipose tissue in
the body is “white” (unilocular white adipocytes that
store lipids) and is located in subcutaneous or visceral
deposits. Approximately 10% of adipose tissue is “brown”
(multilocular adipocytes with numerous mitochondria) and
has a role in energy balance, through the production of heat
in response to cold stress (7).

MAT makes up to 5% to 10% of fat mass in adults
(approximately 2.6 kg in an adult) (8,9).

And to complicate matters, MAT has surface markers
that make it distinctive and different from purely white or
brown adipose tissue—what is called a “beige phenotype”—
and represents a combination of both cell types (10).

Adipocytes represent approximately 45% of the red
bone marrow (hematopoietic), and up to 90% of the yellow
Marrow.

During skeletal maturation, yellow marrow progresses
and red marrow involutes, this is known as the process of
conversion. Yellow marrow is already advancing in newborns,
visible in their phalanges, to practically be present in the
whole skeleton by the third decade of life. Conversion
happens from appendicular to axial skeleton, and within the
long bones, from diaphysis to metaphysis. In adults, yellow
bone marrow is mainly located in the appendicular skeleton.

The number of adipocytes in the bone marrow gradually
increases during skeletal growth, but also during ageing.
This process is parallel to metabolic processes in the bone,
but while there is an increase of bone mass during growth
and sexual maturation, there is bone loss and decline in
sexual hormone activity with ageing.

Bone marrow adipocytes do not group in lobules as it
happens in other fat depots. They are contained, scattered
in the hematopoietic tissue. At around 50 p they are smaller
than the adipocytes in the subcutaneous or visceral fat (11).

A couple of decades ago the notion that marrow adipocytes
had the same mesenchymal precursor as osteoblasts was
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Figure 1 Representation of the combined roles of bone marrow fat. White-like phenotype characteristics reduce bone formation

and hematopoiesis, with an increase in adipogenesis and bone destruction. Brown-like phenotype stimulates bone formation and

osteoblastogenesis.

introduced (12). Based on this, an initial hypothesis on the
relationship between fat and bone was formulated, inversely
relating adipocyte and osteoblast differentiation.

The idea gradually evolved to the current hypothesis that
MAT is a heterogeneous tissue, with adipocytes that have
different origins, some of them related to osteoblasts (13),
extramedullary adipocytes or from common progenitor that
will develop into a final phenotype depending on location,
which will determine their function (9). So, according to
this, this heterogeneous character of MAT translates on
different effects on bone that can be positive or negative for
bone homeostasis.

Only a few years ago, two types of MAT were described
in rodents (14). These differences were noted based
on spatial location, but soon they realized that cellular
morphology and fatty acid composition were different. The
time in which they started to develop was also different.
Constitutive MAT (cMAT) appears early (1-4 weeks) is
found in the distal tibia, contains large adipocytes and is
primarily composed of unsaturated lipids (UL).

Regulated MAT (rMAT) appears later (12 weeks), is
found in the proximal tibia (but also femur and lumbar
vertebrae), contains hematopoietic marrow and is composed
of saturated lipids (SL).

The fact that the lipid composition is different suggests
different functions. It has been seen that rMAT responds
to cold exposure with a decrease in volume, and to caloric
restriction with an increase in volume, as well as ageing and
pathophysiological processes—and ¢cMAT does not. All
this could suggest that MAT varies with skeletal location.
For example, in the proximal tibia, adipocytes of rMAT
may be supportive of bone remodeling, releasing energy
and secreting adipokines, whereas in the distal tibia, where
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remodeling is much less active, adipocytes may be more
quiescent, or have a negative effect on bone turnover (15).
However, it is still unclear whether this could be due to other
factors, such as temperature or blood perfusion and some
studies consider this two-type classification too simplistic,
based on the behavior of MAT in some pathophysiological
conditions. Extrapolation to humans is complex, given the
relative proportion of MAT in rodents is lower and skeletal
maturation is different (16).

Functions and regulation
Paracrine and endocrine function

Fat is distributed in the body in deposits that serve different
purposes, including storing and releasing energy. With the
discovery that extramedullary adipocytes produce hormones
(adipokines), adipose tissue has acquired an endocrine
status. These adipokines exert a regulatory action in
systemic metabolism (17).

In the same way as adipocytes of other origins, bone
marrow adipocytes are secretory cells, with the possibility
to release adipokines in their microenvironment, thus
exerting an autocrine and paracrine function: fat and bone
are capable of mutual regulation (18).

As previously described, MAT has a combined
phenotype, combination of white and brown adipose
tissue, considered a “beige phenotype” (10). As such, it will
manifest the good and bad characteristics of each kind of fat
(Figure 1). An interesting hypothesis is that the beneficial
role of each one of these components may be impaired by
age or the development of conditions. For example, with
aging or diabetes, marrow fat seems to lose expression
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of the brown-like phenotype, with a decreased in energy
metabolism and thermogenic response. Similarly, with aging
or osteoporosis, the bone marrow environment becomes
more toxic (generalized steatosis, lipoapoptosis, lipotoxicity)
than other deposits, which is typical feature of a white-type
phenotype (19).

Osteoblasts and adipocytes share a common precursor.
The activation of the peroxisome proliferator-activated
receptor (PPARY) gene in bone marrow stem cells favors
adipogenesis, while it inhibits osteoblastogenesis, moreover,
it has been recently described that the activation of this
particular gene promotes osteoclast differentiation, and thus
bone resorption (20). The fact that in bone these different
cells (adipocytes, osteoblasts, osteocytes) exist together and
may vary in population in physiological and pathological
conditions suggest that their fates are interconnected
through mechanisms of homeostasis.

Marrow adipogenesis is regulated through many
pathways. For example, high levels of growth hormone
favor bone tissue differentiation, as opposed to adipocytic
tissue (21). High levels of insulin-like growth factor 1
(IGF1) have the same effect (22). Glucocorticoids have been
demonstrated to act in the opposite way, inducing marrow
adiposity (21). Parathyroid hormone has been demonstrated
to support bone tissue differentiation (23).

Also, interestingly, it has been demonstrated that an
increase in an osteocyte secreted glycoprotein, sclerostin
(secreted in situations of increased mechanical stress),
correlates with high amounts of MAT in men and
inhibition of osteoblastic bone formation, which means
that bone tissue itself also has a regulating effect on
marrow adipogenesis (24,25). This knowledge has opened
up new ways for treatment of osteoporosis, through the
development of blocking agents (26).

Adipocytes secret different products, amongst them
adipokines, forkhead box protein C2 (FOX C2), Wnt
signaling proteins, IGFs, bone morphogenetic protein
(BMP), monocyte chemoattractant protein 1 (MCP-1),
uncoupling protein 1 (UCP1), preadipocyte factor 1 (Pref-1)
and inflammatory factors (9).

Amongst the adipokines the most important are
adiponectin and leptin. Adiponectin secreted by MAT
acts in an anti-osteogenic manner, blocking osteoblast
proliferation in the short-term, through a paracrine
mechanism in the bone microenvironment (27). But
besides from the paracrine effect in the bone environment,
adiponectin also has an endocrine effect. As a consequence,
the long-term effect of increased adiponectin levels is
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different, based on the decrease in the sympathetic tone in
osteoblasts (this involves central signaling mechanisms in
the brain) and favors an increase in bone mass and decrease
in MAT (28). Other fat deposits also secret adiponectin
(white adipose tissue) and this will have a systemic effect
but also an effect on bone homeostasis, hence the negative
correlation established between visceral adipose tissue (VAT)
and bone density (29), for example.

Leptin is the other main adipokine secreted by MAT,
which has a general role in the regulation of fertility, appetite
and energy metabolism (27). MAT demonstrates high
expression of this protein, and osteoblasts show an elevated
number of receptors for it, which suggests its important
paracrine role in bone homeostasis (10). In bone, leptin has
a positive effect on osteogenesis, increasing bone mineral
density (BMD), and a negative effect on adipogenesis,
decreasing the number and size of adipocytes (21).
When leptin concentrations are high systemically the
effects are different. Through its hypothalamic activity
(appetite regulation), sympathetic tone is increased and
marrow adipogenesis, with an increase in size and number
of marrow adipocytes, is favored over osteogenesis.

These complex effects of MAT on the bone component
will indirectly modulate its endocrine functions. As an
example, bone is involved in the homeostasis of glucose
in the body (30). Insulin secreted by the pancreas can
bind with osteoblasts, and suppress the expression of
osteoprotegerin (OPG), which is a protein that inhibits the
differentiation of osteoclasts (and therefore increases bone
resorption). The degradation of bone results in changes
in pH that trigger changes (decarboxylation) in a protein
secreted by osteoblasts, OCN. This decarboxylated OCN
promotes insulin secretion and increases insulin sensitivity
in the liver, muscle and deposits of fat deposits (31).

Adipocytes have been also demonstrated to play a role in
the homeostasis of the hematopoietic microenvironment (32)
with a negative effect, through the release of inhibitors of
hematopoiesis and leukocytogenesis.

Paracrine factors secreted by MAT can inhibit B
lymphopoiesis, compromising the proliferation and
maturation of lymphoid progenitors (33). B and T cells
produce OPG, which plays a role in the coordination of
osteoclast bone resorption and osteoblast bone formation.
The inhibition of lymphopoiesis means a decrease in OPG
levels, which results in an imbalance leading to excessive
osteolytic activity (34).

Moreover, B and T lymphocytes have receptors for
leptin, which means this adipokine is involved in immune
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response. Leptin enhances T lymphocyte response, which
through an inflammatory cascade results in increased
osteoclastic activity, and therefore has a negative effect on
bone metabolism (35).

To summarize, increased levels of bone marrow fat
translate into changes in the bone microenvironment, which
has a modulation effect on osteoblastogenesis, osteoblast
function, mineralization, bone resorption and hematopoiesis.
The modulation of these processes will eventually cascade
to have local and systemic effects on bone and general
metabolism through many interconnected pathways.

Mechanical implications

Amongst the functions of bone, a very important one as the
main component of the scaffolding of the human body is
to counter the effect of physical loads. Naturally, the bone
marrow contained in bones will play a very important role
on the biomechanics.

Bone marrow fat is an important component of load—
bearing subchondral bone, filling in the compartments
between the elastic bony trabeculae.

The study of the mechanical properties of bone has
classically been focused on the trabecular scaffold. When
stress studies are performed in vitro, the typical specimen
would remain intact when the loading force causes up to
5% strain (reduction to 95% of its height by the load),
bouncing back to its full height when the load is removed.
Once the load applied causes a higher strain the deformity
becomes permanent. In in vitro testing, the maximal
loads used oscillate around 2 MPa (36). However, loading
pressures in vivo, while performing normal activities
(standing up or climbing stairs) have been found to be
as high as 18 MPa (37). This supports the idea that there
is an important iz vive component added to the function
of trabeculae as scaffolding, and is the presence of bone
marrow within the bone, mainly fatty marrow (38).

In addition, a recent study performed by Pansini ez a/. (39)
using MR spectroscopy to measure fat contents in the
femoral head found that there was no significant variation
over the decades between 20 and 60 years of age, which
points towards the idea that the functionality of fat in this
location remains constant throughout most of our lives, and
has to do with joint biomechanics.

The mechanical environment of bone marrow can be
defined by its hydrostatic pressure, fluid-flow induced shear
stress and viscosity (40). Hydrostatic pressure in the bone
marrow is approximately one fourth of systemic blood
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pressure, and remains constant as long as the mean value
does not drop beyond 81 mmHg (41). Viscosity is a critical
parameter modulating the shear stresses experienced by the
trabecular surfaces due to vibratory loads, and is the factor
that will be more influenced by the type of bone marrow
present, with fatty marrow being generally considered less
viscous than hematopoietic marrow. In humans, fatty marrow
viscosity has only been measured in the calcaneus (42). There
is limited information on the literature of the density of bone
marrow fat, which is comparable to density of fat tissue (40).

Recently, marrow fat has been consolidated as a shock
distributor. Simkin (43) explains the potential mechanisms
of marrow behavior during loading of the subchondral bone
through two models, and “open” and a “closed” one.

The trabecular bone is a porous and elastic tissue,
which is formed by the trabecular scaffolding (containing
strong elastic type 1 collagen fibers) and the viscous fluid it
contains, the bone marrow.

In the open model the marrow fat and water are assumed
to flow freely between compartments as the bone is
compressed, and therefore only the walls (trabeculae) will
bear the compression stress. It is important to mention that
most studies support the open model (44). In the closed
model, there is no free transit of fat or water, because the
viscosity of fat does not allow it to pass through trabecular
pores. The volume of fat marrow in the compartments
remains constant and the compression causes bulging of the
walls. In this way, the force of impact is transformed by the
presence of marrow fat into tensile stress throughout the
walls, which contain type 1 collagen fibers. This means the
transformation of a loading force into tensile forces, that
dissipate in a descending pressure gradient (Figure 2). This
explains the “shock absorbance”.

The current trend is to consider the two models: a
closed, perfect shock absorbing model for young joints, with
development of an open model as bone structure changes
(more fenestration, greater pores) with age or pathological
conditions (45,46). This will lead to change in the way the
subchondral bone reacts to loading, with more load taken
by the already weakened trabeculae and risk of injury at
lower loads (46,47).

In the context of bone disease, aging or disuse,
the mechanical properties of bone marrow change.
In vitro experiments have demonstrated that the resident
mesenchymal stem and progenitor cells respond to variations
in the hydrostatic pressure, fluid shear or changes in viscosity.
As a result, the changes in mechanical microenvironment also
play a role in the homeostasis of bone (40).
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Figure 2 Mechanisms of marrow behavior during loading of the subchondral bone. (A) Diagram representing the open model. The marrow

fat (yellow arrows) and water (blue arrows) are assumed to flow freely through pores between compartments as the bone is compressed, and

therefore only the walls (trabeculae) will bear the compression stress (red dotted arrows). (B) Diagram representing the closed model. In the

closed model, there is no free transit of fat or water (yellow and blue arrows respectively), because the viscosity of fat does not allow it to pass

through trabecular pores. The volume of fat marrow in the compartments remains constant and the compression causes bulging of the walls.

This means the transformation of a loading force into tensile forces (green dotted arrows), that dissipate in a descending pressure gradient.

Imaging based quantification of bone marrow fat
MR

Several MR techniques have been developed to assess
the bone marrow composition with MR. Studies have
investigated different sites in the skeleton (pelvis, long
bones) but the most frequently assessed location is the spine
(vertebral bone marrow).

T1-weighted imaging

T1 imaging is the simplest way of assessment of fat content
in the bone marrow. Bone marrow fat can be measured
by applying thresholds (intensity of subcutaneous adipose
tissue) to extract bone marrow fat voxels (48).

A study by Shen et al. (49) investigated intra- and inter-
observer reproducibility for the assessment of bone marrow
fat in T'1 weighted images. The coefficient of variation (CV)
was 0.9% for intraobserver and 2.2% for interobserver, and
concluded that the main source of error for assessment of
bone marrow fat in T1-weighted imaging were the partial
volume effects and the incorrect threshold selection of
regions that would contain red marrow.
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Only a few years ago, a system of scoring similar to the
one used with dual-energy X-ray absorptiometry (DXA)
was suggested by an Italian group (50).

Magnetic resonance spectroscopy (MRS)
The current gold standard for bone marrow fat quantification
is proton MRS (1IH-MRS). Most of the recent clinical
research on the relation between MAT and BMD have used
this method to separate water and fat signals.

The main types of sequences used are point-resolved
spectroscopy (PRESS) and stimulated echo acquisition
mode (STEAM) single-voxel 1H-MRS sequences. Perfusion
sequences can be added to study MAT perfusion (51). These
sequences can be applied to the pelvis, spine and hip. The
most frequent location is the spine (Figure 3).

1H-MRS can also be used to measure lipid saturation
within the fatty marrow (the ultimate composition of MAT,
based on the presence and type of hydrogen bindings). The
spectrum that results shows peaks for water, SL, UL and
residual lipids (RL) (52) (Figure 4).

To asses vertebral MAT, a single or several vertebral
bodies are used (L1-L4). A single voxel is placed in
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Figure 3 Difference in the spectral curve between spine and hip. Fifty-four-year-old male. (A) Voxel placed in the body of L3 (red box);

(B) the spectral curve shows abundant water (strong water peak) in comparison to lipids. Conversion into fatty marrow happens from

appendicular to axial skeleton, and within the long bones, from diaphysis to metaphysis. In adults, yellow bone marrow is mainly located in

the appendicular skeleton. When there is a strong water peak, the extraction of the spectrum of unsaturated lipids will be challenging; (C)

same patient, voxel placed in the femoral neck (red box); (D) lipids peak is stronger in this location.

the centre of the vertebral body (53). In 1H-MRS
measurements, fat content is expressed as a percentage,
called bone marrow fat fraction (BMFF). This percentage is
calculated using the large lipid peak at 1.3 parts per million
(ppm), which are the SL, normally disregarding the smaller
lipid peaks at 2.0 and 5.3 ppm, which correspond to RL and
UL (53). The resulting formula is: fat content (%) = [signal
amplitude (I) fat/(I fat + I water)] x100. If the three peaks
are considered, the formula results in fat content (%) = [(ISL
+IRL + IUL)/(ASL + IRL + IUL + I water)] x100 (54).

The degree of saturation can be obtained too, expressed
as indexes: unsaturation index (UI) as UL (%) = [TUL/(ISL

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

+ IRL + TUL)] x100, and saturation index as SL (%) = [ISL/
(ISL + IRL + IUL)] x100.

The CV of vertebral BMFF has been reported to be from
1.7% (same day, repositioning) (55) to 12.3% with a standard
deviation (SD) of 0.10 for reproducibility after 6 months (56).

A frequent problem in studies using 1H-MRS is that the
difference in T2 relaxation times between the water and
fat components may not be accounted for, and measured
as a signal-weighted fat fraction at a single echo time
(TE), which depends on the used TE and field strength.
To solve this problem, the proton density fat fraction
(PDFF) can be obtained, by performing a mult-TE MRS
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Figure 4 Proton magnetic resonance spectroscopy. Stimulated
echo acquisition mode (STEAM) single-voxel 1H-MRS sequence.
The spectrum that results shows peaks for water (H2O), saturated
lipids (SL), unsaturated lipids (UL) and residual lipids (RL). Fat
content is related to water content and expressed as a percentage,
called bone marrow fat fraction (BMFF). This percentage is
calculated using the large lipid peak at 1.3 parts per million (ppm),
which are the SL, normally disregarding the smaller lipid peaks at
2.0 and 5.3 ppm, which correspond to RL and UL, but these can

also be used. IH-MRS, proton magnetic resonance spectroscopy.

measurement (57). This allows also for the calculation of
T2, a parameter reflecting the water composition.

The trabecular bone causes susceptibility artefacts, and
this will make the water and fat peaks overlap. Water and
unsaturated fat peaks overlap significantly in the spine. This
means that when there is a strong water peak, the extraction
of the spectrum of unsaturated peak will be challenging.
Diverse solutions, like increasing TE (using STEAM
sequences) (58) or adding diffusion sequences (59) have
been proposed to solve this problem.

Other potential disadvantage of IH-MRS is the existence
of chemical shift displacement effects, which depend on the
fat distribution around the voxel.

Besides, IH-MRS is not a suitable tool for retrospective
analysis in studies and longitudinal studies, given every
voxel needs prospective planning.

On histological correlation, it has been reported that
IH-MRS measurement of MAT demonstrates a good
correlation with the amount of fat obtained in iliac crest
biopsy, when this is performed in the spine (not demonstrated
for the femur) (60).

Currently, there are no standard protocols to assess MAT
with 1H-MRS.

Water-fat imaging
The advantage of chemical shift sequences over
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spectroscopy rests in the fact that the BMFF can be assessed
with high spatial resolution. This is important, given the
heterogeneous distribution/pattern often found in the
marrow (persistence of regions of hematopoietic marrow).
Fat content is calculated as a percentage (BMFF).

Some confounding factors have been found when using
water-fat sequences. Multiple peaks in the fat spectrum can
be found, and this can be corrected by using a precalibrated
multi-peak spectrum in the signal model (53). The most
frequently used is the spectrum obtained by Ren ez /. on 7T
tibial measurements (61). The mean spectra for bone marrow
fat have also been obtained from constrained peak fitting of
single voxel MRS measurements in the spine and femur (57,62).

T1 bias effects, caused by the different T'1 relaxation
times of fat and water, can induce errors in the fat
quantification. A way to solve this problem is to use long
repetition times, that lengthen the acquisition times, or to
use low flip angles, which is the commonly used way (63).

The presence of trabecular bone shortens the T2* (T2*
decay) of the fat and water components, and this causes a quick
decay of the measured gradient echo signal with TE (53).
Corrections to the T2* can be performed (dual or single).

Once all these confounding factors have been addressed, it
has been seen that a good agreement exists between MRS and
chemical shift PDFF in the proximal femur and spine (62).

Water-fat imaging has been validated against histological
samples in a cadaver study, with a good correlation obtained
(r=0.77) (64).

A very recent study, by Schmeel er 2l (65), confirms
vertebral marrow PDFF obtained by chemical shift-encoding
based water-fat MRI as highly accurate, repeatable and
reproducible among readers, filed strengths and MRI units,
highlighting its value as a quantitative imaging biomarker.

The use of chemical shift-encoding based water-fat
MRI offers the invaluable advantage of providing spatially
resolved assessment of bone marrow fat composition, as
opposed to single-voxel 1H-MRS acquisition, which is
limited to the vertebral level of study. This feature allows to
analyze anatomical variation (66). A recent study by Baum
et al. using chemical shift-encoding based water-fat MRI
obtained in a 3T magnet (eight-echo 3D spoiled gradient-
echo sequence), relative age-related PDFF changes showed
an anatomical variation, with more pronounced changes in
the lower lumbar vertebral levels in both sexes (67).

CcT

Bone marrow fat quantification has also been performed with
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peripheral quantitative computed tomography (pQCT) (68),
but this involves high radiation doses.

Dual energy quantitative CT (DECT) has also been used
to quantify MAT, with the use of phantoms (69). It has been
validated against histological samples (r=0.80) and has a high
level of correlation with water-fat imaging (r=0.88) (64).

Bone marrow fat and bone: pathophysiology of
the interactions

Age and gender

Allowing for great individual variations, the general trend
is that MAT increases with age. It has been reported that
the increase with age affects both genders similarly, with
men having approximately 6-10% more vertebral MAT
than women in the same age group, from 20 to 60 years
of age (70) (Figure 5). After menopause, MAT content
increases dramatically in women (55-65 years of age),
to establish a difference with men of the same age of the
10%. In men the increase after 60 is gradual (71).

Exercise and unloading

Very interesting studies have been carried out to analyze
the association MAT and skeletal unloading, some of them
related to space programs.

One of them was prospectively conducted on 24 women,
who had 60 days of bed rest (72). MAT was measured with
MRI. An increase in MAT and persistence of this increase
for one year was documented.

Studies performed in the eighties exposing rodents to
microgravity and unloading showed that once loading
resumed bone mineral acquisition increased and MAT
reverted to normal (73). More recently, the precise genetic
expression and molecular pathways have been elucidated (74).

Bone response to exercise includes changes in MAT.
A study demonstrated that in young female athletes
performing weight-bearing impact sports, MAT (assessed
in the tibia with pQCT) was lower than in athletes
performing non-weight-bearing impact sports and non-
athlete controls (75). They found that in all women,
marrow adiposity is a predictor of bone strength,
independently of loading history, size or body composition.
In children, a study randomizing a small group into three-
time weekly 20-minute sessions of physical and non-
physical activities showed a significant reduction of MAT
(measured with MRI) in the physical activity group (76).
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A study on rodents on a regular diet versus a high fat
diet that could voluntarily exercise demonstrated that MAT
accumulation (assessed with microscanners) triggered
by a high fat diet could be suppressed by exercise, and
more importantly, that exercise significantly increased
bone quantity in both groups (77). This suggests that the
beneficial effect of exercise over BMD may be mediated by
a decrease in MAT as well as an increase in bone formation.

BMD—osteoporosis

The increase in MAT in osteoporosis was already noted by
Meunier at the beginning of the 1970s, in a series of iliac
bone biopsies (78).

An interesting question for researchers regarding
osteoporosis, is whether MAT accumulation is earlier,
simultaneous with or later in time than the loss of BMD.
Aging has been proven to be associated with an increase
in MAT, simultaneous to a decrease in trabecular bone
density (79) (Figure 6). In animal studies, some other
conclusions have been reached. In mice, trabecular bone
starts to be lost as early as 8 weeks of life, with the increase
in MAT only being apparent in later stages (80). In a study
performed in rabbits, in which osteoporosis was induced
with glucocorticoids, it was seen that the increase in MAT
preceded the loss of BMD (81).

Several recent studies conducted by Shen er 4/. in
different ethnical populations report a significant negative
association between MAT (measured with 1H-MRS) and
BMD for healthy men and women (48,82,83). In their
largest study, they observed this inverse relationship in
anatomically matched regions, non-matched regions and
regional and whole-body assessment.

The same conclusion was reached in a different ethnical
cohort (Chinese). Measurement of MAT was obtained with
MRS, and measurement of BMD obtained by DXA. Higher
MAT content was found in age-matched subjects with
osteoporotic-range BMD in comparison with osteopenic or
normal BMD range subjects (84). Also in Chinese population,
studies performed with MRS and DXA in age and body mass
index (BMI) matched postmenopausal women demonstrated
that MAT content was higher in patients with osteoporosis
than osteopenia or normal BMD (55,85).

As the amount of MAT increases, there are also
histological changes within the tissue (18,86). As previously
described, fat and bone are capable of mutual regulation.

In histological evaluation, the composition of
MAT in postmenopausal women also demonstrates a
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Figure 5 Comparative spectra between a 43-year-old woman [A, T1 sagittal planning image with vertebral body voxel (red box); B, spectral
curve] and a 42-year-old man [C, T1 sagittal planning image with vertebral body voxel (red box); D, spectral curve]. A very subtle difference
in the height (signal) of the lipid peak (at 1.3 ppm) can be appreciated, when comparing woman (12.27) and man (13.43), with a slightly
higher peak present in the spectrum for the man, and less total water (89.42 in woman, 48.49 in man). Fat fraction {calculated as fat content
(%) = [I fat/( fat + I water)] x100, where I is signal amplitude} in the woman was calculated at 12.06%, and 21.6% in the man. Men have
approximately 6-10% more vertebral MAT than women in the 20 to 60 age group. SL, saturated lipids; MAT, marrow adipose tissue.
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profile of decreased saturated fatty acids and increased
monounsaturated fatty acids, particularly in women that
have had a fracture (87).

Besides, in studies based on therapeutic interventions,
it has been histologically proven that 1 year of estrogen
therapy decreases bone marrow adipocyte volume and
prevents an increase in number (88). Histological studies on
the use of risedronate for 3 years (89) and teriparatide for
1 year (90) have demonstrated the same effect. The effect
of zoledronic acid has been evaluated only with MRS, but
this has been seen to trigger a dramatic decrease in MAT
besides from decreasing the risk of fracture (81,91).

Other studies have focused on the evaluation of the

Signal (a.u.)
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association of MAT and volumetric BMD (vBMD) and
the different mineralized components of bone (trabecular
and cortical), obtained through quantitative CT (QCT) or
pQCT:

Di lorgi et al. have published two studies using QCT to
analyze the bone component in healthy populations. The
first one focused on the relationship between cancellous bone
in the axial skeleton (vBMD) and femoral cortical bone [using
cortical bone area (CBA) as a parameter for appendicular
skeleton] and MAT density in femurs of healthy teenagers
and young adults, and found an inverse relation between
bone marrow adiposity and the amount of bone in axial and
appendicular skeleton, even after adjusting for weight, height,
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Figure 6 Comparison of spectral readings in two subjects, with normal BMD and in the osteoporosis range. (A) T1 sagittal planning
image with vertebral body voxel (red box) in a 65-year-old woman; (B) BMD obtained with DXA is in the normal range (T=-0.3); (C)

representation of the obtained spectral curve, with an increase in the lipid peak, and a decrease in the water peak, when compared to young

subjects; (D) T1 sagittal planning image with vertebral body voxel (red box) in another 65-year-old woman affected by osteoporosis; (E)

BMD obtained by DXA is in the osteoporotic range (T=-2.6); (F) spectral reading shows a high peak of lipids, with substantial decrease of

water contents. BMD, bone mineral density; DXA, dual-energy X-ray absorptiometry.

DXA fat mass and size of the bone (92). A more recent
longitudinal study focused on healthy young females and
compared CBA with MAT in the femur, finding that CBA is
inversely related to changes in the MAT density (93).

In a study based on the Iceland AGES Reykjavik cohort,
Schwartz et al. (79) found that in older women, higher MAT
content (measured by MRS) was associated with lower

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

trabecular bone (vBMD) in the spine, total hip and femoral
neck, but not with lower cortical bone. In old men, there
were no statistically significant associations between MAT
and vBMD (trabecular or cortical), in the aforementioned
locations.

Bredella ez 4/. had already previously found that MAT
correlated inversely with vBMD measured in the spine, in
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a smaller group of premenopausal women with different
BMlIs, with a correlation that remained significant after
adjusting for VAT (22).

pQCT studies are more scarce. A recent study found no
correlation between MAT (using MRS) and trabecular and
cortical vBMD (distal radius and tibia) in a sample of non-
diabetic man from the MrOS study (94).

High resolution pQCT (HR-pQCT) was also used in
one study that evaluated bone microarchitecture in the
distal radius in middle aged obese men. MAT measured
in the vertebrae (using MRS) correlated inversely with
cortical vBMD, cortical area and trabecular thickness, and
this remained significant even after controlling for BMD
assessed by DXA in the lumbar spine (95). More recently,
has also been applied to the study of correlation of MAT
and fractures (96).

Finally, some studies have focused on the use of MRI (97),
demonstrating that femoral CBA (measured with MRI) is
inversely associated with MAT in the middle third of femurs
in young as well as in old subjects.

Fractures

The relation between MAT and occurrence of fracture is
complex.

The latest evidence appears to point towards the
intrinsic composition of MAT as a factor to influence risk
of fracture. Using MRS, Yeung ez 4/. (84) studied a group
of postmenopausal women and found that fat UI was
significantly lower in osteoporotic and osteopenic women,
compared to individuals with normal BMD and a control
group of premenopausal women. They also found an inverse
correlation between fat content and UIL. A subsequent
study confirmed these results, using bone marrow aspirates
and comparing these results with a different type of MR
spectroscopy assessment tool (98).

A more recent study focused on the association between
vertebral MAT (measured with MRS) and insufficiency
fractures, comparing two groups of postmenopausal women:
diabetic and non-diabetic. They could not find an association
between vertebral MAT and insufficiency fractures, but they
found an association between low unsaturation levels and
insufficiency fractures, independent of age, ethnicity and
spinal vBMD (measured with QCT) (54).

An association between prevalent vertebral fractures
and higher MAT and histological analysis has been
reported in at least two different studies (60,86). Cohen
et al. demonstrated that the number, size and volume of
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adipocytes in postmenopausal women with idiopathic
osteoporosis (low trauma fractures or low BMD) were
found to be greater than those of controls (adjusted for age
and BMI) (60).

A study by Schwartz et al. (79), with a 257 old-adult
population sample, found that people with prevalent
vertebral fractures had higher mean MAT (adjusted for age
and gender), but they did not find an association between
MAT and history of fractures (all types) or insufficiency
fractures in men or women.

Finally, some studies introduce the concept that increased
MAT (measured with MRS) can contribute to “bone
weakness”, independently of BMD (measured by DXA)
and introduce a MAT/BMD ratio as an indicator of bone
weakening. The features of bone weakness they consider
are Schmorl’s nodes, endplate fractures, body wedging and
compression fractures (99,100).

A very recent study, using HR-pQCT (96) in 77 women
(ages 40 to 70) with a recent non-vertebral fracture and
226 healthy controls demonstrated a direct association
between MAT and cortical porosity and an indirect
association with the number, quality and separation of
trabeculae. They concluded that the discrimination of
women with non-vertebral fracture from controls improved
significantly when MAT and cortical porosity were added.

The conclusion that can be drawn is that vertebral

fractures may be associated with higher MAT content,
independently of BMD.

Obesity

The relationship between MAT and other fat deposits in
the body is insufficiently characterized (101). Studies are
scarce.

The relationship between MAT, total body fat, visceral
and subcutaneous tissue fat is not consistent, and studies
come to different conclusions. Some studies have found
a positive association between visceral fat and MAT (in
obese premenopausal women) (22), but some studies have
reported no association (102,103).

Ermetici et al. recently explored the relationship between
obesity and intrinsic MAT composition in premenopausal
women (104). MAT content and Ul were seen to be similar
in obese and non-obese premenopausal women.

A recent study by Tencerova er /. (105) on mice has
shown that a high fat diet decreased trabecular bone mass
by 29%, cortical thickness by 5% and increased MAT
content by 184%), and also that the MAT increase did
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not demonstrate insulin resistance a pro-inflammatory
phenotype, which means that it absorbs extra energy (in the
form of triglycerides, affecting whole-body homeostasis).
They demonstrated that the progenitor cells in the context
of high fat diet were prone to adipocyte differentiation, thus
decreasing osteoblastic differentiation, and therefore bone
formation, with a detrimental effect on the skeleton.

Huovinen et 4/. (106) studied the association between
early obesity and bone marrow acid composition. Their
study tested the relationship between the Ul, exercise
history and glycemic state (amongst other clinical
parameters), in two groups of young adults (normal
weight and overweight) with known weight status in early
childhood. The UI was not affected by obesity at the time
of the study or before age 7, but increased with age in both
groups. Ul was not associated with gender, physical activity
or body fat composition, however, they found a faint
association between fasting glucose and UL

The effect of weight loss has also been studied, although
literature is still scarce.

Most studies have focused on bariatric surgery.
Two studies by Schafer et 4/. (107) and Kim ez /. (103)
investigated the effects of Roux-en-Y gastric bypass (RYGB)
on vertebral MAT (measured with MRS), in two groups
of morbidly obese diabetic and non-diabetic women. In
non-diabetic patients, MAT remained stable 6 months
after surgery, despite the decline of fat in overall fat mass.
In diabetic patients, RYGB surgery triggered a significant
reduction in MAT. Greater declines in HbA1C and
increases in IGF-1 (in both groups of patients, diabetic and
non-diabetic) were associated with a decline in MAT. MAT
changes and BMD changes (in spine and femoral neck) were
negatively associated, independently of age and menopause.

Interestingly though, the effects of bariatric surgery in
the skeleton are variable and not well understood. In an
almost synchronic study to Kim ez 4l.’s, Bredella ez /. (108)
compared RYGB and gastric sleeve gastrectomy, and no
change in MAT content was reported after RYGB surgery,
but they found an association between sleeve gastrectomy
and increase in MAT.

In a different study from the same year, by Yu er al.,
RYGB was associated with a 43% increase in the risk of
non-vertebral fracture, when compared with adjustable
gastric banding (109).

Amnorexia nervosa (AN)

AN is a serious condition, with multiple repercussions,
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some of them skeletal.

Although there is a dramatic depletion of body fat
[VAT and subcutaneous adipose tissue (SAT)] (110), it
was demonstrated that MAT (measured with MRS) is
increased (111). A study demonstrated that compared with
normal weight age-matched controls, women with AN had
higher content of MAT in lumbar vertebrae and femur. After
adjusting for BMI, MAT was seen to correlate inversely
with BMD (measured with DXA) (111). In a different study,
composition of the MAT was assessed with MRS, finding no
significant difference between the two groups (112).

The Pref-1, a transmembrane protein that is inhibitory of
adipocyte and osteoblast differentiation, that appears raised
in situations of estrogen deficiency (amenorrhea associated to
AN) has been seen to be positively associated with MAT in
AN and decrease with recovery form the disorder (113).

The rationale behind this phenomenon of decreased
VAT and SAT and increased MAT is still unclear, postulated
as a mechanism of protection for skeletal health.

Diabetes

Several studies have investigated the relationship between
MAT and diabetes.

Abnormalities in cortical architecture and an increase
in MAT have demonstrated in type I diabetes (114,115).
In type II diabetes, there is no increase in MAT, and
insufficiency fracture risk is increased, independently of
BMD (116). A study by Patsch ez al. (54), focused on the
association between vertebral MAT (measured with MRS)
and insufficiency fractures, compared two groups composed
of diabetic and non-diabetic postmenopausal women.
MAT in the diabetic group had a composition that showed
relatively more saturated lipids (lower unsaturation) than in
the non-diabetic group. They could not find an association
between vertebral MAT and insufficiency fractures in any
of the groups, but they found an association between low
unsaturation levels and insufficiency fractures, independent
of age, ethnicity and spinal vBMD (measured with QCT).
This makes things slightly confusing in regard to fracture
risk, however other factors, such as cortical porosity or
microvascular impairment are also involved (117).

These results coincided with the results of a previous
study by Baum et /. that compared a group of diabetic
postmenopausal women with age and BMI matched
controls. Vertebral MAT was similar in both groups,
but the levels of unsaturation were lower in the diabetic
group (52). In the same study, it was observed that in
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diabetic women higher HbAlc levels were associated
with higher vertebral MAT content. A recent study by
Yu et al. (102) confirmed the same finding in the lumbar
spine and femoral metaphysis. Machann et #/. (118) in
a recent study, assessed the Ul in six different adipose
tissue compartments, amongst them MAT in the tibia,
and investigated the associations with intrahepatic lipids,
insulin sensitivity and adipose tissue volumes. They found
UI to be location dependent. Interestingly, they found the
level of unsaturation in tibial MAT negatively correlated
with insulin-sensitivity. This discrepancy with the results
obtained by Baum ez 4l. in vertebral MAT (52) could be
explained, at least partly, by the fact that IH-MRS studies
on MAT composition are unreliable when there is a high
water fraction (119), as recently proven by Lundbom ez a/.

Kim et al. (103), in their study on bariatric surgery
patients, did not find that MAT was higher in diabetic than
in non-diabetic as a baseline, but demonstrated that RYGB
surgery triggered a significant reduction in MAT in the
diabetic group, and also that greater declines in HbA1C and
increases in IGF-1 in both groups of patients undergoing
RYGB (diabetic and non-diabetic) were associated with a
decline in MAT.

Recently, Ermetici er a/. (104) found a negative
correlation between MAT and insulin sensitivity [estimated
using the homeostasis model assessment of insulin resistance
(HOMA-IR)] in premenopausal women. Even more
recently Zhu er al. (120) reported that elevated HOMA-IR
was linked to higher MAT (measured as PDFF with MRS)
in postmenopausal women with newly diagnosed type II
diabetes, independently of body composition (measured
with DXA).

Overall, these findings confirm a strong relationship
between glucose metabolism, glycemic control and MAT.

A very recent study comparing children with type I diabetes
and matched controls to determine the parameters linked
to bone health and risk of fracture showed no difference in
vertebral marrow adiposity (121). In the previously mentioned
study by Huovinen et 4/. (106) (aimed at testing UI in MAT
against different clinical parameters amongst them indicators
of glycemic status in two groups of young adults with normal-
weight and overweight) neither fasting insulin nor insulin
resistance (measured using the aforementioned HOMA-IR
model) were seen to correlate with UI in MAT.

Studies in men have demonstrated slightly different
results: as part of the MrOS study (156 men aged 74-96),
Sheu et al. (94) found that MAT was higher in diabetic men,
however, the result did not remain significant when two
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men treated with thiazolidinediones were excluded.

Oral antidiabetic drugs, such as thiazolidinediones, act as
insulin-sensitizers. In mice, rosiglitazone has been proven to
stimulate adipogenesis and decrease osteoblastogenesis (and
BMD) (122). A large clinical trial on the use of rosiglitazone
demonstrated an increase in marrow adiposity and fracture

risk (123).

Other clinical scenarios

There are other clinical scenarios which have been even less
extensively studied, in the MAT and bone interaction.

Radiation and chemotherapy have a tremendous impact
on the bone marrow. In some cases, the radiation will
be locally administered and the bone marrow will suffer
collateral damage (e.g., prostate cancer) but in some cases
the irradiation will be ablative (total body, prior to bone
marrow transplant). Repopulation usually occurs with
increased adipocyte content (124,125). The risk of fracture
in irradiated regions is three times as high (126). Recent
insights on MAT and fracture relationship suggest this is
linked to the increase in MAT.

Also, bone loss and increased facture risk is increased in
alcoholism. A study in rodent models shows that alcohol
intake is associated with a significant increase in MAT (127).

Future and implications

The potential diagnostic and therapeutic implications that
can be extracted from the research of MAT are incredibly
relevant.

Osteoporosis and osteopenia are highly prevalent, and
may have devastating consequences in morbidity and
mortality through the event of insufficiency fractures. This
is especially evident in situations in which these conditions
present early in life, which is in the context of cancer
treatment, for example in the context of total irradiation for
bone marrow transplants.

In the case of radiotherapy patients, the quantification of
fat fraction allows an insight on the hematological toxicity
of treatments, acting as a clinical measure of bone marrow
dosimetry (128). Recent studies orientated towards the
measurement of bone marrow cellularity for radiation
dosimetry purposes have used two-point Dixon (128) and
single and multiple peak iterative decomposition of water and
fat with echo asymmetry and least-squares estimation [single-
peak iterative decomposition of water and fat with echo
asymmetry and least-squares (SP-IDEAL) and multipeak
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(MP)-IDEAL respectively] (129), to obtain the fat fraction.
In the study by Pichardo et 4/. (129), the SP-IDEAL sequence
was seen to correlate with the adipocyte volume fraction
obtained from histology, which is the appropriate parameter
to account for patient-specific cellularity in bone marrow
mass in predictive equations, consistent with the existing
models of skeletal dosimetry on micro-CT.

The development of agents that could act blocking
adipogenesis and diverting differentiation of the bone
marrow precursors into osteoblastic linage, for example,
could favor long term treatment of these conditions.

In diabetic patients, especially in those in which type I
diabetes onset happens early in life, and the risk of fracture
becomes already high in their youth, similar benefits could
be obtained from acting over adipogenesis and favoring
bone forming pathways.

In type II diabetics, the knowledge on the type on
MAT composition could help on tailoring the types of
interventions (through diet and also medication) and
eventually monitoring control or predicting possible long-
term effects of the disease.

Conclusions

The MAT-bone interaction is a fertile area of research.

MAT has a role in bone health, through its paracrine and
endocrine interaction with the other components of bone.
Many metabolic disorders (osteoporosis, obesity, diabetes)
have a complex and still not well understood relationship
with bone health, and just as they relate to the mineralized
component of bone, there is mounting evidence establishing
solid links with MAT and MAT composition.

The development of imaging, and more specially MR-
based techniques, has unlocked numerous pathways to
assess and quantify MAT, and thus set the ground to carry
out studies to further elucidate the implications of MAT in
physiologic and pathologic conditions.

"This offers a tremendous opportunity in the clinical field,
to potentially develop preventative strategies and treatments
for very prevalent chronic conditions.

This work has reviewed the existing evidence relating
MAT to metabolic disorders with an impact on bone health,
highlighting the role that imaging methods play in helping
with quantification and diagnosis.
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