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many osteoporotic states, including aging, medication use, immobility, over - and undernutrition are associated
with increased marrow adiposity. Advancements in imaging technology allow the non-invasive quantification of
MAT. This article will review magnetic resonance imaging (MRI)- and computed tomography (CT)-based imag-
ing technologies to assess the amount and composition of MAT. The techniques that will be discussed are ana-
tomic T1-weighted MRI, water-fat imaging, proton MR spectroscopy, single energy CT and dual energy CT.
Clinical applications of MRI and CT techniques to determine the role of MAT in patients with obesity, anorexia
nervosa, and type 2 diabetes will be reviewed.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Bone strength depends on bone mineral density (BMD) and bone
quality [1]. While BMD is typically used to predict bone strength,
other factors, such as bone microarchitecture and the bone microenvi-
ronment play important roles in skeletal integrity. Recent advances in
the understanding of the bone-fat connection suggest that marrow ad-
ipose tissue (MAT) could function as a diagnostic marker and a potential
target for the treatment of osteoporosis [2—-6] Bone marrow is one of the
largest organs in the human body and is composed primarily of adipo-
cytes and hematopoietic red blood cells which are surrounded by vascu-
lar sinuses and fill the cavities of trabecular bone. Within bone marrow,
osteoblasts and adipocytes arise from a common mesenchymal stem
cell and many osteoporotic states, including old age, medication use, im-
mobility and anorexia nervosa are associated with increased marrow
adiposity [7-11]. Furthermore, MAT might also play a role in the patho-
physiology of metabolic disorders. Obesity and type 2 diabetes mellitus
(T2DM) are associated with increased fracture risk despite normal and
even increased BMD [12-14] and MAT quantity and its composition
might play an etiologic role in impaired bone health associated with
these disorders [15]. Therefore, imaging biomarkers that can accurately
assess the amount and composition of MAT are needed to investigate
the role of MAT in the pathogenesis of bone loss. Advancements in
imaging technology allow the non-invasive quantification of MAT.
Magnetic resonance imaging (MRI) and proton magnetic resonance
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spectroscopy ('H-MRS) can assess MAT content and composition with-
out ionizing radiation [16,17]. Computed tomography (CT), especially
dual energy CT, can assess MAT and BMD in a single examination, how-
ever, CT is associated with ionizing radiation [18-22]. This article will
review MRI- and CT-based techniques to assess MAT and applications
of imaging techniques to determine the role of MAT in patients with
obesity, anorexia nervosa, and T2DM.

2. MRI-based techniques
2.1. T1-weighted MRI

The major determinants of the MRI appearance of bone marrow are
its fat and water content and the MRI appearance of MAT depends on
the pulse sequence used. T1-weighted spin-echo or fast spine-echo se-
quences are most suitable to evaluate MAT given the high fat content
of bone marrow. Most fat protons within bone marrow are residing in
aliphatic (—CH,—) chains of triglycerides that rotate near the Lamor
frequency, facilitating T1-relaxation and resulting in T1 shortening
[23]. Therefore, MAT is typically hyperintense (bright) on T1-weighted
images and follows the signal intensity (SI) of subcutaneous fat
(Fig. 1). On fat-suppressed or fluid-sensitive sequences (fat-suppressed
T2-/proton density-weighted, or short tau inversion recovery (STIR) se-
quences) MAT is lower in SI than muscle (Fig. 1).

Bone marrow is a dynamic organ and its composition changes with
aging, nutrition, or malignancy and these changes can be demonstrated
using T1-weighted images. During the normal aging process, there is
physiologic conversion from red (hematopoietic) to yellow (fatty) mar-
row. This conversion occurs in a predictable fashion: at birth marrow is
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Fig. 1. Coronal T1-weighted (A) and coronal fat-suppressed T2-weighted (B) MR images of

the knee demonstrate normal marrow adipose tissue which is hyperintense (bright) on
T1- and hypointense (dark) on fat-suppressed T2-weighted images. Small islands of red
marrow are of intermediate signal intensity (arrows).

predominately hematopoietic. Age-related conversion from hematopoi-
etic to fatty marrow starts in the epiphyses, followed by the diaphyses,
the distal metaphyses and the proximal metaphyses, which can contain
residual hematopoietic marrow in the adult. While the distribution
from hematopoietic to fatty marrow can vary from person to person it
is usually symmetric in the same person (Fig. 2). Conversely, re-
conversion from fatty to red marrow can occur due to stimulation of re-
ticulocyte production and can be seen in training athletes, due to high
altitude, obesity, smoking, blood loss or with certain treatments. Mar-
row reconversion occurs in the mirror-opposite sequence of yellow
marrow conversion [24-26] (Fig. 3).

Bone marrow can also change its composition depending on nutri-
tion or following therapy. In cases of undernutrition (phase II of starva-
tion), subcutaneous and visceral adipose tissue is mobilized with a
paradoxical increase in MAT [8]. MAT is relatively resistant to lipolysis
until other available fat depots have been utilized. During late (phase
IIl) starvation, MAT can be metabolized leading to gelatinous transfor-
mation or serous atrophy of bone marrow (SABM) in which MAT is re-
placed by hyaluronic acid-rich mucopolysaccarides associated with a
significant decrease in the number and size of adipocytes (“atrophy”)
and hematopoietic cells. SABM has a characteristic appearance on MRI
with hypointense SI of marrow on T1- and hyperintense SI on fluid

Fig. 2. T1-weighted MR images of the pelvis showing normal physiologic conversion of red
(hematopoietic) to yellow (fatty) marrow. At birth (A) marrow is red and diffusely
hypointense (dark) (diamonds) compared to subcutaneous fat. During adolescences (B),
physiologic conversion from red to fatty marrow occurs, involving first the epiphyses
and epiphysis equivalents, such as the greater trochanters, and diaphyses (black
diamonds) while the metaphyses still contain red marrow (white diamond). In
adulthood (C), there is nearly complete conversion to fatty marrow with only few
remaining islands of red marrow (curved arrows).

sensitive sequences [27] (Fig. 4). Also, radiation therapy (Fig. 5) and
chemotherapy suppress the hematopoietic function of red marrow
and increase the differentiation of mesenchymal stem cells toward the
adipocyte lineage leading to increased MAT [28,29].

While T1-weighted MRI is primarily used in clinical practice to
assess the physiologic or pathologic appearance of bone marrow, it
has been used for semi-quantitative measurements of MAT volume
[30]. MAT can be segmented in bones that contain primarily fatty
marrow, such as the diaphysis of long bones, by using a single
threshold level on the grey scale that is the same as subcutaneous ad-
ipose tissue. Inverse associations between MAT and BMD by DXA
were found in healthy younger and older adults using this technique
[30].
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Fig. 3. Coronal T1-weighted MR image of the knee in a subject with obesity demonstrates
marrow reconversion with prominent red marrow in the distal femoral and proximal
tibial meta-diaphyses (arrowheads).

2.2. Water-fat imaging

Water-fat imaging, also referred to as chemical shift-encoding based
water-fat imaging, Dixon method, fat fraction MRI, or iterative decom-
position with echo asymmetry and least squares estimation (IDEAL),
represents a MRI-based method that generates water and fat images.
Separation of water and fat signal is based on the chemical shift

Fig. 4. Serous atrophy of bone marrow in a patient with cancer cachexia. Coronal T1-
weighted MR image of the pelvis (A) demonstrates hypointense (dark) marrow and
subcutaneous fat (see Fig. 2C for the normal appearance of marrow on T1-weighted
images). Fat suppressed T2-weighted MR image of the pelvis (B) demonstrates
abnormal hyperintense (bright) marrow and fat (see Fig. 1B for the normal appearance
of marrow on fat-suppressed T2-weighted images). Note the lack of subcutaneous fat in
this patient with cachexia.

Fig. 5. Post radiation changes of the lumbar spine. Sagittal T1-weighted MR image after
radiation therapy demonstrates increased MAT content of the lumbar spine (black
arrowheads) caudal to the radiation port (white arrow). Normal hematopoietic marrow
is seen cranial to the radiation port (white arrowheads).

difference between water and fat resonance frequencies and can pro-
vide a quantitative measurement of the signal fraction of both water
and fat [31-35].

Water-fat imaging provides spatially resolved fat fraction maps,
allowing for assessment of multiple vertebrae, pelvis or proximal fe-
murs in a single acquisition. Water-fat imaging is especially useful in re-
gions with heterogeneous red marrow distribution, such as the spine
(Fig. 6) or the proximal femur (Fig. 7) [17,36].

An advantage of water-fat imaging is that it is its short acquisition
time and availability with most fat-water sequences being commercial-
ly available on most MRI scanners [35,37,38]. However, several factors
can affect MAT quantification using water-fat imaging, such as the pres-
ence of trabecular bone which shortens the T2* of water and fat compo-
nents, thereby inducing a rapid decay of the measured gradient echo
signal with echo time. This can be overcome by correcting for T,*
decay effects [39,40]. Furthermore, T1-bias [41,42] and the presence of
multiple peaks in the fat spectrum [41-44] can affect MAT quantifica-
tion. Ex vivo studies comparing water-fat imaging with phantoms or
trabecular bone specimens have shown excellent agreement between
MRI-derived MAT quantification and histology [45-47]. MAT content
assessed by water-fat imaging has also been shown to be highly corre-
lated with proton MR spectroscopy ('H-MRS) [37,39,48]. The coefficient
of variation (CV) for water-fat imaging to quantify MAT in the lumbar
spine, pelvis and proximal femurs has been found to be low, ranging
from 0.69% to 1.70% [38].

Several clinical studies have used water-fat imaging to quantify
MAT. MAT by water-fat imaging has been shown to be inversely
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Fig. 6. Sagittal fat fraction map reconstructed from water and fat images of the lumbar
spine. The fat fraction can be assessed by drawing a region of interest (square in the L2
vertebral body). Fat fraction of L2 was 27%. The color scale on the right side of the image
is percent fat x10~1.

associated with BMD and cortical bone and positively associated with
age in children and adults. MAT by water-fat imaging was higher in
post-menopausal compared to premenopausal women and increased
from the cervical to the lumbar spine [35,38,48,50-52]. Furthermore,
water-fat imaging can be used to assess changes in MAT content follow-
ing chemo- and radiation therapy [28,53,54].

2.3. Proton MR spectroscopy

Single-voxel proton magnetic resonance spectroscopy ('H-MRS) is
regarded as the gold standard for the quantification of MAT. It can pro-
vide both quantitative (fat fraction, FF) and qualitative (MAT composi-
tion) information. Point-resolved spectroscopy (PRESS) and
stimulated echo acquisition mode (STEAM) single-voxel H-MRS pulse
sequences can be employed to obtain fat spectra at various skeletal
sites [17]. Using "H-MRS, the signal within a voxel is divided into two
major peaks, a lipid and a water peak and, using software, the area
under the curve of the lipid and water peaks can be determined and
the MAT lipid to water ratios or MAT FF can be calculated [55] (Fig. 8).

Fig. 7. Coronal fat fraction map reconstructed from water and fat images of the pelvis
showing fat content of different portions of the femur which can be assessed in a single
examination by drawing different regions of interest (squares). The fat fraction of the
epiphysis [E] was 68%, of the metaphysis [M] 41% and the subtrochanteric femoral
diaphysis [D] was 48%. The color scale on the right side of the image is percent fat x10~'.

MAT content measured by "H-MRS has been shown to correlate closely
with MAT content from biopsies [56]. Moreover, MAT content by 'H-
MRS in combination with BMD by dual energy X-ray absorptiometry
(DXA) was more valuable than either parameter alone in evaluating
skeletal integrity [57,58].

Much of the current data on '"H-MRS of MAT comes from the lumbar
spine and proximal femurs. The coefficient of variation (CV) of vertebral
MAT quantification by "H-MRS was 1.7% when the scans were done
after repositioning on the same day [59], while the CV for longitudinal
studies at 6 weeks was 9.9% and at 6 months was 12.3% [60].

Several clinical studies have used 'H-MRS to determine physiologi-
cal age- and sex-related changes in MAT content. In a study assessing
MAT in healthy adult men and women, there were differential changes
in MAT content in males and females with males showing decreases in
the 4th decade while females showing an increase [61]. Griffith et al.
showed that males have higher MAT content most of their life than fe-
males with gradual increases throughout life in both sexes, however,
there is a sharp increase in MAT content in females after menopause
after which females have higher MAT content than males [62]. Thus, it
is imperative to consider the age and sex related differences when
interpreting changes in MAT and also for choosing appropriate controls
for studies evaluating MAT content.

Pathologically higher MAT content by 'H-MRS has been demonstrat-
ed in osteoporotic states like anorexia nervosa, postmenopausal stage
and obesity [8,11,63-65]. Young girls with anorexia nervosa had higher
lumbar MAT content by 'H-MRS which correlated negatively with areal
and volumetric lumbar spine BMD, trabecular bone microarchitecture
and bone strength estimates at the weight bearing tibia [66]. Higher
MAT at the knee by 'H-MRS in adolescent girls with severe anorexia
has been demonstrated [67]. In another state of relative undernutrition
and hypogonadism, the female athlete triad, spinal MAT by '"H-MRS was
higher in athletes with irregular menses and was inversely associated
with lumbar spine BMD [68]. Also, MAT content at the femoral diaphysis
was an independent inverse predictor of volumetric BMD (as assessed
by CT) in the hypogonadal female athlete [68]. The associations of
higher MAT content with impaired trabecular microarchitecture was
also observed in young survivors of allogenic stem cell transplants [69].

In adults, women with anorexia nervosa had higher MAT content by
'H-MRS both at the lumbar spine and at the femoral diaphysis com-
pared to healthy controls and MAT was inversely associated with BMD
[8].In a study in women with anorexia nervosa, women who recovered
from anorexia nervosa, and matched healthy controls, MAT content in
women who recovered from anorexia nervosa was lower than in
women with active disease and was comparable to normal weight con-
trols [70]. The factors affecting MAT content in this state of undernutri-
tion and altered hormonal milieu are still being investigated. However,
there are data to link IGF-1, estrogen, leptin and preadipocyte factor-1
with MAT content [70].

On the other end on the spectrum, obesity, a state of overnutrition,
MAT changes are variable and not well defined yet. The role of MAT as
an endocrine organ affecting insulin resistance, serum lipids and bone
health are actively under investigation and 'H-MRS is a helpful non-in-
vasive technique for the assessment of MAT content in obesity and after
interventions. Intramyocellular lipids and serum lipids have shown to
be positively correlated with MAT in both men and women with obesity
[11]. In women with obesity, higher visceral adipose tissue (VAT) was
positively associated with MAT content [63]. In adult men with obesity,
MAT was inversely associated with bone microarchitecture and me-
chanical properties of bone [71]. Studies evaluating the longitudinal
changes in MAT content after bariatric surgery have shown an increase
of MAT after sleeve gastrectomy [72]. In a study evaluating patients after
Roux-en-Y gastric bypass, changes in MAT were dependent on the dia-
betes status of the individual and were affected by the degree of weight
loss and improvements in hemoglobin A1C [73]. In premenopausal
women with obesity, replacement with growth hormone for six months
increased MAT content which was associated with higher bone
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Fig. 8. Quantification of marrow adipose tissue (MAT) by proton MR spectroscopy ('"H-MRS). "H-MRS of the 2nd lumbar vertebra (A), proximal femoral metaphysis (B) and femoral
diaphysis (C) in a premenopausal woman demonstrating increasing MAT content from the lumbar spine to the femoral diaphysis.

turnover and may support the concept that MAT may serve as an energy
source during bone formation [74].

Increases in MAT content by '"H-MRS have also been observed in
states of low gonadal hormones. Longitudinal one year follow-up of
treated males with prostate cancer and androgen deficiency suggested
an increase in MAT at the lower spine and the degree of increases was
associated with subsequent deterioration in BMD by DXA [75]. Similar-
ly, bilateral oophorectomy led to a sharp decline in lumbar BMD as mea-
sured by CT with a concomitant increase in MAT content by 'H-MRS
[76].

'H-MRS can not only quantify the amount of MAT but also assess its
composition, such as the amount of unsaturated and saturated lipids
[77], which may serve as biomarkers of skeletal integrity [78,79]. Mar-
row fatty acids can be characterized based on the number of double
bonds that they carry. Higher magnetic field strengths allow the visual-
ization of additional lipid peaks of fatty acid saturation and unsaturation
estimates: olefinic protons at 5.2 and 5.3 ppm (—CH=CH—), an esti-
mate of fatty acid unsaturated bonds; methylene protons at 1.3 ppm
[(—CH3—),], an estimate of fatty acids saturated bonds; allylic methy-
lene protons at 2.0 ppm (—CH=CH—CH,—); methyl protons at 0.9
ppm (—CHs); and methylene protons  to carbonyl at 1.6 ppm
(—CH;—0—CO—CH,;—CH,—). The degree of unsaturation can be de-
termined by the unsaturation index (UI), a ratio between the olefinic
resonance at 5.2 and 5.3 ppm and total lipid content [78,79]. However,
susceptibility effects from the trabecular bone can cause significant
overlap of water and olefinic peaks, presenting a technical challenge
for quantification of lipid unsaturation, especially in the presence of a
strong water peak, which is often observed in the spine, especially in
premenopausal women [16,39]. Therefore, water suppression has
been applied to resolve the water and olefinic peaks (Fig. 9) [15]. Fur-
thermore, it is important to note that 'H-MRS is not able to resolve indi-
vidual fatty acids. Also, while the methylene signal at 1.3 ppm is used as
a marker for fatty acid saturation, this signal is not exclusive to saturated
fatty acids.

Clinical studies have assessed MAT composition to determine
markers of skeletal fragility and metabolic risk. MAT unsaturation
assessed by 'H-MRS was lower in patients with T2DM as compared
with non-diabetic older women [80]. Also, patients with morbid obesity
and T2DM had lower MAT unsaturation compared to non-diabetic sub-
jects with morbid obesity [15]. These studies suggest that MAT compo-
sition may serve as a biomarker for metabolic risk. In a study in older
women by Patsch et al., MAT unsaturation was inversely related to the
prevalence of fragility fractures [78]. In women with anorexia nervosa,
femoral MAT composition was similar to that of normal-weight controls
[81], however, the degree of saturation was inversely associated with

BMD which may suggest a differential effect of saturated vs. unsaturated
fatty acids with saturated fatty acids having a more detrimental effect
on bone [81].

3. CT-based techniques
3.1. Single-energy CT

Computed tomography (CT) uses X-rays to obtain images based on
different attenuation of tissues. The density of the tissue passed by the
X-ray beam can be assessed by the attenuation coefficient, a measure
of how easily a material can be penetrated by an X-ray beam. The CT
density of tissue is expressed in Hounsfield Units (HU), obtained from
a linear transformation of attenuation coefficients based on the arbitrary
definitions of air (—1000 HU) and water (0 HU). On this scale, fat has a
density of —60 to —120 HU [82].

The bone marrow cavity is comprised of hematopoietic and fatty tis-
sue and trabecular bone. Therefore, attenuation measurements of the
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Fig. 9. Composition of marrow adipose tissue (MAT). Proton MR spectroscopy ('H-MRS) of
the 2nd lumbar vertebra obtained with water suppression demonstrates combined
olefinic protons at 5.2 and 5.3 ppm (—CH=CH—, an estimate of fatty acid unsaturated
bonds) and methylene protons at 1.3 ppm [(—CH,—),, an estimate of fatty acids
saturated bonds]. Residual water (H,0) is noted at 4.7 ppm.
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bone marrow cavity include a mixture of the three tissues and do not
allow for quantification of MAT. However, the lower the HU, the higher
the fat content. A common CT artifact encountered when assessing the
marrow cavity of long bones is beam hardening artifact caused by the
cortical bone (Fig. 10). Beam hardening artifact refers to the preferential
loss of lower-energy photons from the X-ray beam with resultant alter-
ations of the attenuation profile [83].

Di lorgi et al. used CT attenuation measurements of the mid femoral
diaphysis in young healthy adults. The mid diaphyseal shaft contains no
trabecular bone and is composed predominately of MAT [18-20]. In
young healthy adolescents and young adults, MAT, assessed by CT at-
tenuation measurements, was not associated with visceral or subcuta-
neous abdominal adipose tissue and was not associated with markers
of cardiovascular risk, suggesting that MAT is an independent fat com-
partment with different metabolic function [20]. In different studies,
using the same CT technique, MAT was inversely associated with corti-
cal femoral bone area in young healthy women [18] and inversely asso-
ciated with vertebral bone density and femoral cortical bone area in
adolescent and young adult males and females [19].

3.2. Dual-energy CT

Dual-energy CT (DECT) can provide additional information on tissue
composition compared to single energy CT (SECT). In SECT, materials
that have different chemical compositions can have similar density
(HU), making the differentiation of different types of tissues challeng-
ing. The measured CT number of a specific tissue is related to the linear
attenuation coefficient which is not unique for any given tissue but rath-
er represents a function of the tissue composition, the photon energies
interacting with the tissue, and the mass density of the tissue. DECT
uses two X-ray beams at high and low tube voltage (typically at 140
kV and 80 kV) to further characterize the composition of tissues. The
differences in attenuation between the high and low energy beams
are the basis for which DECT identifies the composition of different tis-
sues [84].

Initially DECT involved the acquisition of two separate sequential CT
scans at the two energies resulting in double the scan time and radiation
dose of a SECT. However, with the advent of dual-source CT scanners
and advances in CT technology which allow for rapid acquisition,
noise reduction, and lower radiation exposure, DECT has become a clin-
ically feasible technique [85].

DECT for the assessment of MAT has been used since the 1980s but
was limited by the long acquisition times and high radiation dose

Fig. 10. Single energy axial CT of the thigh showing low attenuation (circle) of the femoral
marrow cavity, measuring —47 Hounsfield Units. Beam hardening artifact, as indicated by
dark streaks, from the dense cortical bone is present (black arrows).

[86,87]. Recent studies in healthy volunteers and cadavers using more
advanced CT scanners and techniques to reduce noise and radiation ex-
posure, have quantified MAT content (Fig. 11) that correlated closely
with MAT by 'H-MRS and histology [21,46,88]. An advantage of DECT
over other techniques is the assessment of BMD and MAT content in a
single examination. Moreover, studies have suggested that
intravertebral MAT can affect the accuracy of BMD measurements ob-
tained by SECT [89], therefore, the assessment of MAT by DECT is impor-
tant for the accurate assessment of BMD in states in increased marrow
adiposity. A recent study comparing SECT and DECT for assessment of
BMD found that the presence of MAT lead to underestimation of BMD
and this bias increased with increasing MAT content. Therefore, DECT
could be used to correct for MAT, thereby providing more accurate as-
sessment of BMD compared with SDCT [21,22].

DECT has been used to assess vertebral MAT content in patients with
anorexia nervosa and Cushing syndrome. MAT content was elevated in
women with anorexia nervosa compared to healthy controls but not in
patients with Cushing syndrome [90]. Hui et al. used DECT to assess
MAT and BMD in patients with gynecologic malignancies treated with
oophorectomy, radiation therapy or chemotherapy. DECT showed an in-
crease in MAT and decrease in BMD after therapy. Of importance, an in-
verse association between MAT and BMD observed prior to therapy was
attenuated after therapy, suggesting that MAT and BMD cannot be used
interchangeable to monitor bone health after cancer therapy [28].

4. Conclusion

Recent interest in the role of MAT and its relationship to bone line-
age and skeletal fragility has led to the development of non-invasive im-
aging techniques to assess the quantity and composition of MAT. MRI-
based quantitative techniques, such as water-fat imaging and 'H-MRS
have helped in determining mechanisms of increased skeletal fragility
and metabolic risk associated with several clinical conditions, such as
aging, anorexia nervosa, the female athlete triad, obesity and T2DM.
CT, especially DECT, can assess MAT and BMD in a single examination
but is associated with ionizing radiation. With the increased availability
of DECT scanners and advances in CT technology to lower radiation
dose, DECT could become a powerful technique to assess MAT and
BMD in CTs obtained for other clinical purposes.
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