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a  b  s  t  r  a  c  t

The  assessment  of body  fat distribution  and  characteristics  using  magnetic  resonance  (MR)  methods
has recently  gained  significant  attention  as  it further  extends  our  pathophysiological  understanding  of
diseases  including  obesity,  metabolic  syndrome,  or  type  2 diabetes  mellitus,  and  allows  more  detailed
insights  into  treatment  response  and  effects  of  lifestyle  interventions.  Therefore,  the  purpose  of  this  study
was  to  review  the  current  literature  on MR-based  assessment  of  body  fat distribution  and  characteristics.
PubMed  search  was  performed  to identify  relevant  studies  on the assessment  of  body  fat  distribution
and  characteristics  using  MR  methods.  T1-, T2-weighted  MR  Imaging  (MRI),  Magnetic  Resonance  Spec-
troscopy  (MRS),  and  chemical  shift-encoding  based  water-fat  MRI  have  been  successfully  used  for  the
assessment  of  body  fat  distribution  and  characteristics.  The  relationship  of  insulin  resistance  and  serum
lipids  with  abdominal  adipose  tissue  (i.e.  subcutaneous  and  visceral  adipose  tissue),  liver,  muscle,  and
bone  marrow  fat  content  have  been  extensively  investigated  and  may  help  to  understand  the  underlying
pathophysiological  mechanisms  and  the  multifaceted  obese  phenotype.  MR methods  have  also  been  used
to monitor  changes  of body  fat distribution  and  characteristics  after  interventions  (e.g. diet  or  physical

activity)  and  revealed  distinct,  adipose  tissue-specific  properties.  Lastly,  chemical  shift-encoding  based
water-fat  MRI  can  detect  brown  adipose  tissue  which  is  currently  the  focus  of  intense  research  as  a poten-
tial  treatment  target  for  obesity.  In  conclusion,  MR methods  reliably  allow  the  assessment  of  body  fat
distribution  and  characteristics.  Irrespective  of the  promising  findings  based  on these  MR  methods  the

s  to  
clinical  usefulness  remain

. Introduction

The metabolic syndrome is a constellation of interrelated risk
actors of metabolic origin that directly increases the risk of
ardiovascular disease and type 2 diabetes mellitus [1]. Among
thers visceral adiposity, dyslipidemia (elevated triglycerides and
ow high-density lipoprotein (HDL)), elevated fasting glucose and
ypertension are metabolic risk factors which constitute the
etabolic syndrome [2]. Metabolic syndrome, type 2 diabetes
ellitus, and overweight/obesity are associated with increased

ortality and due to their high prevalence are classified as public

ealth problems with severe socio-economic consequences. Partic-
larly, overweight and obesity are considered as an epidemic, and
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be established.
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projections have suggested that 86.3% of adults in the United States
will be overweight or obese by 2030 [3].

Body fat distribution has been identified as an important diag-
nostic and prognostic marker for the onset, progression, and
mortality risk of these diseases [4–7]. The assessment of body fat
distribution traditionally relied on anthropometric measurements,
e.g. body mass index (BMI), waist circumference, or waist-to-
hip ratio, and/or broadly available clinical tools, e.g. bioelectric
impedance machines. However, the obese phenotype is multi-
faceted and anthropometric measurements are unable to assess
regional body fat distribution and characteristics [8,9]. Similarly,
bioelectric impedance machines cannot assess regional compart-
ments of body fat and their characteristics [10,11].

Assessment of body fat composition can be performed with
imaging techniques including Dual energy X-ray Absorptiome-
try (DXA), Computed Tomography (CT), Magnetic Resonance (MR)

methods (MR  Imaging (MRI) and MR Spectroscopy (MRS)) [12,13].
While DXA can only differentiate bone, fat, and lean soft tis-
sue, CT allows the determination of adipose tissue volumes, i.e.

dx.doi.org/10.1016/j.ejrad.2016.02.013
http://www.sciencedirect.com/science/journal/0720048X
http://www.elsevier.com/locate/ejrad
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejrad.2016.02.013&domain=pdf
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ubcutaneous and visceral adipose tissue (SAT and VAT), and the
mount of fat deposition in the liver and skeletal muscle [12–14].
R offers the possibility to perform these CT measurements
ithout ionizing radiation [12;13]. Furthermore, even more sophis-

icated parameters including extra- and intramyocellular lipid and
one marrow fat characteristics can be assessed by using MRS, thus
llowing a dedicated phenotyping with regard to regional body fat
istribution and their characteristics [15].

Therefore, the purpose of this study was to review the current
iterature on MR-based assessment of regional body fat distribution
nd characteristics.

. MR-based assessment of body fat distribution and
haracteristics

.1. Literature search

Keyword search was performed using PubMed (http://www.
cbi.nlm.nih.gov/pubmed) up to November 2015 to identify rel-
vant studies for this review. No starting date was entered for
he electronic search to obtain the entire literature available in
ubMed. Search terms used included “body fat distribution”; “body
at characteristics”; “ectopic fat”; “obesity”; “metabolic syndrome”;
diabetes”; “adipose tissue”; “fat imaging”; “magnetic resonance
maging”; and “1H-based magnetic resonance spectroscopy”. The
earch was restricted to studies in humans. The reference lists of
elevant articles were also screened.

.2. Adipose tissue classification

To date, there is no generally accepted classification of adipose
issues in humans. However, Shen et al. proposed an imaging-based
lassification of the topography of adipose tissue [16]: Total adi-
ose tissue (TAT) is the sum of adipose tissue, usually excluding
one marrow and adipose tissue in the head, hands, and feet. Sub-
utaneous adipose tissue (SAT) is defined as the layer between the
ermis and the aponeuroses and fasciae of the muscles including
he mammary adipose tissue. Internal adipose tissue (IAT) results
rom the subtraction of SAT from TAT and consists of visceral
dipose tissue (VAT) and non-visceral IAT. VAT refers to the adi-
ose tissue within the chest, abdomen, and pelvis, non-visceral IAT
ainly to intra- and perimuscular adipose tissue. The paraosseal

nd intermuscular adipose tissue constitutes the perimuscular adi-
ose tissue. Importantly, Shen et al. observed inconsistencies in the
se of specific definitions, especially for the compartment termed
visceral” adipose tissue. Furthermore, MR  allows the quantifica-
ion and characterization of organ, ectopic, and bone marrow fat as
ell as the differentiation of white and brown fat.

.3. MR  methods

Relaxometry- and chemical shift-based MR methods have been
eported to accurately and reliably assess body fat distribution and
haracteristics [17,18].

T1-weighted imaging is differentiating proton signals from
ater and fat due to their different T1 relaxation times. Adipose

issue appears bright on T1-weighted images and has been used for
he quantification of SAT, VAT, bone marrow fat, and intermuscular
dipose tissue (IMAT). Advantages of T1-weighted imaging are the
road availability throughout MR  scanners, high spatial resolution,
nd strong water-fat tissue contrast, disadvantages the sensitivity

o B1 inhomogeneities and partial volume effects. The compu-
ation of the adipose tissue volumes require (semi-) automatic
egmentation techniques based on signal intensity histograms and
hresholds [19]. Depending on the segmentation algorithm, SAT
adiology 85 (2016) 1512–1518 1513

and VAT reproducibility measurements were not found to differ sig-
nificantly, e.g. Kullberg et al. reported mean and standard deviation
of 2.0 ± 14% for VAT and 0.84 ± 2.7% for SAT measurements, respec-
tively [20]. Importantly, T1-weighted imaging has been broadly
used in the assessment of muscular fat infiltration in neuromus-
cular disorders [21,22].

T2-weighted imaging is differentiating proton signals from
water and fat due to their different T2 relaxation times with fat
appearing hyperintense. It has been mainly used for fat quantifi-
cation in the lower extremity muscles and is not suitable for SAT
and VAT determination. Advantages and drawbacks are similar to
those of T1-weighted imaging.

Single-voxel 1H-based MRS  has been considered as non-invasive
gold standard for ectopic fat quantification using PRESS (point
resolved spectroscopy) or STEAM (stimulated echo acquisition
mode) sequences. Water and fat signals are identified by their
chemical shift locations along the frequency spectrum. MRS has
been widely used to measure proton density fat fraction (PDFF)
in the liver, skeletal muscle, and bone marrow and has been also
recently used to measure fatty acid composition, e.g. the degree of
unsaturation or presence of omega-3 fatty acids. MRS-based hep-
atic PDFF measurements were reproducible across field strengths
(1.5 T versus 3 T) with mean intra-examination standard devia-
tions of 0.49% and mean inter-examination standard deviations of
0.46% [23,24]. Short- and long-term reproducibility measurements
of intra- and extramyocellular lipids in the skeletal muscle using
MRS  ranged from 19% to 33% [25]. Reproducibility of MRS-based
bone marrow fat fraction was  reported as coefficient of varia-
tion of 1.7% at the lumbar spine [26]. The accurate assessment
of bone marrow unsaturation level is challenging due to overlap-
ping water-fat peaks. Therefore, it may be more beneficial to use
diffusion-weighted STEAM instead of long-TE PRESS for measuring
fat unsaturation in regions with low PDFF [27].

Chemical shift encoding-based water-fat MRI allows fat quan-
tification with high spatial resolution which is advantageous
compared to single-voxel MRS  as the distribution of fat content can
be spatially heterogeneous, particularly in the bone marrow [28]. To
improve the reliable extraction of imaging-based PDFF, it has been
shown to use a low flip angle to reduce bias from T1 relaxation,
acquire multiple echoes to perform correction for T2* decay, and
apply a prior known fat spectrum to model the spectral complexity
of fat [29]. Modeling of T2* decay effects is of particular impor-
tance when measuring PDFF in the liver in the presence of iron and
in bone marrow in the presence of trabecular bone [30]. Recent
studies have shown a good agreement between water-fat imaging
and single-voxel MRS-based bone marrow PDFF when confounding
factors are taken into account, e.g. T2* effects [30,31]. Reproducibil-
ity of water-fat imaging-based PDFF amounted 1.7% averaged over
C3-L5 [32]. Similarly, reproducibility of water-fat imaging-based
liver PDFF has been reported to be excellent (standard deviation of
≤0.66%) [33]. Furthermore, chemical shift encoding-based water-
fat MRI  offers the possibility of a separate assessment of inter-
and intramuscular fat, thus overcoming an important limitation of
T1-weighted imaging. The intra-observer reproducibility of water-
fat imaging-based intramuscular fat fraction generated by manual
segmentation at the calf amounted 2.7% [34]. Lastly, SAT and VAT
volume can be determined by using water-fat imaging (Fig. 1).
Wald et al. presented an automated segmentation algorithm for a
2-point Dixon sequence and reported coefficients of variation from
repeated measurements of 3.50 ± 2.93% for VAT and 0.35 ± 0.26%
for SAT, respectively [35].
2.4. SAT and VAT

Ludescher et al. performed whole-body T1-weighted imaging
in 68 volunteers and determined several adipose tissue volumes

http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
http://www.ncbi.nlm.nih.gov/pubmed
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Fig. 1. Representative axial 2-point Dixon water-fat imaging at baseline (A–C)
and after a 4-week dietary intervention (D–F) in an obese woman. A and D: water
images, B and E: fat images; C and F: automatic segmentation of SAT (red), VAT
(yellow), air/bone (cyan) and non-adipose tissue (blue).
Dixon images based on a 3D spoiled gradient echo sequence with imaging param-
eters: TR = 4.0 s, TE1/TE2 = 1.32/2.6 ms,  flip angle = 10◦ , bandwidth = 1004 Hz/pixel,
a 2

v
r

i
c
i
a
d
S
T
V
i
m

o
M
w
s
b
l

l
T
a
s
(
g
T
a
V
f
u
n
b
a
p
e
w
T

m
[
2
i
o
e
I

intervention program that included optimized nutrition and
cquisition matrix size = 332 × 220, FOV = 500 × 446 mm , acquisition
oxel = 1.5 × 2.0 × 5.0 mm3, 44 slices, parallel imaging using SENSE with a
eduction factor R = 2.5.

ncluding SAT and VAT [36]. Furthermore, they assessed body fat
ontent with different modalities including skinfold caliper, body
mpedance, and simple anthropometric data (i.e. waist-to-hip ratio
nd BMI). The authors reported significant correlations between
ifferent body measures and body fat devices with MRI-derived
AT. However, correlations with VAT volume were much weaker.
herefore, the authors concluded that MRI-based assessment of
AT cannot be substituted by simpler methods. This finding is

mportant as VAT is particularly known to increase the risk of
etabolic disturbances and cardiovascular disease.
The size of VAT was reported to be the strongest determinant

f insulin sensitivity [37]. Kirchhoff et al. performed T1-weighted
RI  to measure SAT and VAT in 220 subjects. Insulin sensitivity
as derived from an oral glucose tolerance test and correlated

ignificantly with SAT (r = −0.35) and VAT (r = −0.43). Importantly,
esides high liver fat, VAT volume was the strongest predictor of

ow insulin sensitivity in multivariate regression models.
Kanaley et al. investigated regional differences in abdominal fat

oss in 33 obese postmenopausal women with type 2 diabetes [38].
he SAT/VAT ratio was determined in T1-weighted images using

 single slice (1 cm slice thickness) at L2-L3, five slices (5 × 1 cm
lice thickness) centered at L4-L5, and full abdominal coverage
25 cm). The intervention consisted of a 14-week weight loss pro-
ram by diet alone, exercise alone, or diet and exercise combined.
he authors reported a greater relative VAT loss in the L2-L3 region
nd concluded that if only the L2-L3 region is analyzed the overall
AT loss may  be overestimated. Therefore, the investigated region

or SAT/VAT measurements has to be carefully considered when
sing the relatively time consuming T1-weighted imaging. Alter-
atively, water-fat imaging of the entire abdomen with a single
reath hold can be performed to overcome this limitation, e.g.

 scan time of 10.6 s was reported by Cordes et al. using a 2-
oint Dixon sequence [39]. However, most studies investigating the
ffect of interventions on SAT and VAT were performed by using T1-
eighted imaging as water-fat imaging is an emerging method and

1-weighted imaging has been broadly available for a long time.
MRI-based assessment of SAT and VAT has been performed in

ultiple studies to determine the effects of different interventions
40]. Gallagher et al. included 54 females and 38 males with type

 diabetes mellitus enrolled in the Look AHEAD (Action for Health
n Diabetes) trial in their study [41]. They investigated the effects

f a 1-year intensive lifestyle intervention or diabetes support and
ducation on total body fat including SAT and VAT assessed by MRI.
n the intensive lifestyle intervention group, SAT and VAT volumes
adiology 85 (2016) 1512–1518

were significantly reduced after 1 year, whereas SAT and VAT vol-
umes remained unchanged in the diabetes support and education
group. Interestingly, females had a greater reduction in SAT than
males and males showed a greater reduction in VAT than females
after intensive lifestyle intervention. Bacchi et al. assigned 40 sub-
jects with type 2 diabetes mellitus to aerobic training or resistance
training [42]. They reported that both, resistance training and aer-
obic training, similarly reduced MRI-based SAT and VAT volumes
as well as improved insulin sensitivity.

SAT and VAT were also determined in newborns and young
infants, where whole-body MRI  is challenging without sedation
[43–46]. These studies used T1-weighted or PD-weighted water-
saturated fast-spin echo imaging, as these sequences provide a
consistent noise level; attempts to use faster sequences failed as
infants frequently woke up due to the inconsistent noise level [43].
In young infants reproducibility for TAT and SAT ranged between
2.5% and 3.4% [43,45]. Due to motion and breathing artifacts, repro-
ducibility was  much smaller for internal adipose tissue (17.6% to
18.6%) [43,45].

Lastly, single-voxel MRS  allows free fatty acid profiling of
abdominal adipose tissue. Schrover et al. determined polyunsat-
urated fatty acids, total unsaturated fatty acids, triglycerides, and
their ratios in 12 obese and 13 lean subjects [47]. Polyunsatu-
rated fatty acids/total unsaturated fatty acids and polyunsaturated
fatty acids/triglycerides ratios were significantly greater in omen-
tal adipose tissue in obese subjects compared to lean subjects
(35 × 10−3 versus 0.16 × 10−3 and 2.05 × 10−3 versus 0.01 × 10−3,
respectively). The authors suggested that high levels of polyun-
saturated fatty acids may  reflect a more proinflammatory status
of adipose tissue, thus allowing the early identification of adipose
tissue dysfunction by using single-voxel MRS. Machann et al. inves-
tigated VAT volume by using T1-weighted imaging and its fraction
of unsaturated fatty acids by using single-voxel MRS  in 12 subjects
[48]. They observed an inverse correlation of fraction of unsaturated
fatty acids in VAT and total VAT volume (r = −0.92).

2.5. Liver fat

Dong et al. recruited 14 subjects with impaired glucose toler-
ance and 42 glucose-tolerant healthy subjects [49]. They performed
water-fat imaging to determine liver fat fraction and reported
significant correlations between BMI, waist-to-hip ratio, low-
density lipoprotein (LDL), fasting plasma insulin, homeostasis
model assessment (HOMA) insulin resistance and liver fat fraction
(up to r = 0.89). Kirchhoff et al. performed MRS  of the liver to obtain
the liver fat fraction and an oral glucose tolerance test to determine
insulin sensitivity in 220 subjects [37]. Liver fat fraction and insulin
sensitivity showed a significant correlation with r = −0.53. Besides
VAT volume, a high liver fat content was  the strongest determinant
of insulin sensitivity in multivariate regression models. Similarly,
Linder et al. reported that the MRS-based liver fat fraction is an
independent predictor of insulin resistance in overweight/obese
adolescents [50].

MRS-based liver fat fraction has been used as gold standard
to predict non-alcoholic fatty liver disease and liver fat by using
metabolic and genetic factors [51]. Furthermore, MRS-based liver
fat fraction plays a major role in risk stratification for the devel-
opment of type 2 diabetes mellitus. This is due to several studies
investigating factors which were able to predict an increase in
insulin sensitivity following intervention: Machann et al. recruited
243 subjects (99 men  and 144 women) at increased risk for type 2
diabetes mellitus [52]. All subjects underwent a 9-month lifestyle
controlled physical activity. T1-weighted imaging was  performed
to assess SAT and VAT volumes and MRS  to determine liver
fat fraction at baseline and 9-month follow-up. The most pro-
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Fig. 2. Water-fat imaging-based liver fat fraction maps in a pre-diabetic (1) and healthy (2) subject. Note the elevated liver fat fraction in the pre-diabetic subject (25%)
compared to the healthy subject (3%).
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 six-echo gradient echo sequence (mDixon quant) was  used to measure liver f
andwidth = 1523 Hz/pixel, acquisition matrix size = 152 × 133, FOV = 300 × 403 mm

 reduction factor R = 2.2 × 1.2 (in L/R and F/H respectively).

ounced changes in adipose tissue were reported for VAT (in men:
ecrease from 4.9 L to 4.1 L, i.e. −15.1%; in women: decrease from
.3 L to 1.9 L, i.e. −15.8%) and liver fat fraction (in men: decrease
rom 8.6% to 5.4%, i.e. −36.8%; in women: decrease from 5.1%
o 4.3%, i.e. −16.5%). Interestingly, low baseline liver fat levels
ere significantly predictive of successful intervention in terms of

mprovement of insulin sensitivity. Kantartzis et al. investigated
etabolically benign and insulin-resistant obese subjects by using

AT and VAT measurements (based on T1-weighted imaging) and
iver fat (based on MRS) [53]. They included 262 non-diabetic indi-
iduals who underwent a 9-month lifestyle intervention program.
bese subjects were stratified into quartiles based on their insulin

ensitivity estimated from an oral glucose tolerance test. Subjects
n the upper quartile (n = 26) were defined as metabolically benign
bese and subjects in the lower three quartiles (n = 77) as insulin-
esistant obese. While VAT significantly decreased in metabolically
enign and insulin-resistant obese subjects, a reduction in liver
at and improvement of insulin sensitivity were only observed in
nsulin-resistant obese subjects after intervention. Therefore, iden-
ification of the obese phenotype is critical, and MRS-based liver fat

ay play an important role (Fig. 2).

.6. Skeletal muscle fat

Boettcher et al. investigated the association of intermuscular
dipose tissue (IMAT) with other fat depots including VAT and
nsulin sensitivity [54]. They recruited 249 subjects at increased
isk for type 2 diabetes mellitus. Insulin sensitivity was  expressed
s glucose infusion rate necessary to maintain normoglycemia dur-
ng the last 60 min  of the hyperinsulinemic euglycemic clamp.
1-weighted imaging of the right calf was performed to deter-
ine IMAT by subtracting the area of subcutaneous from total

dipose tissue. Furthermore, subjects underwent single-voxel MRS
n the tibialis anterior muscle to measure intramyocellular lipid
IMCL) content. IMAT showed significant correlations with other fat
epots, particularly VAT (r = 0.52 in females; r = 0.42 in males) and

nsulin sensitivity (r = −0.43 in females; r = −0.40 in males), while
MCL was associated with insulin sensitivity in females only (r = −
.44). Thus, IMAT may  be involved in the pathogenesis of insulin

esistance.

Sinha et al. compared the intra- and extramyocellular lipid
IMCL and EMCL) content assessed by MRS  in the soleus mus-
le in 14 obese adolescents and 8 non-obese controls [55]. They
ction with imaging parameters: TR = 7.8 ms, TE1/�TE = 1.3/1.1 ms,  flip angle = 3◦ ,
quisition voxel = 2.0 × 3.0 × 6.0 mm3, 25 slices, parallel imaging using SENSE with

reported that IMCL and EMCL content were significantly greater
in the obese subjects compared to the lean controls. Furthermore,
IMCL and EMCL showed inverse correlations with insulin sensitiv-
ity (r = −0.59; r = − 0.53, respectively). As these findings were found
in adolescents, they are most likely not a consequence of aging but
are actually expressed early in the natural course of obesity.

Machann et al. performed MRS-based IMCL measurements in
the tibialis anterior and soleus muscle in 243 subjects who were
at increased risk for type 2 diabetes mellitus [52]. All subjects
underwent a 9-month lifestyle intervention program that included
optimized nutrition and increased physical activity. They observed
a reduction of IMCL content in the tibialis anterior muscle (by 12.3%
in men  and by 6.9% in women) and soleus muscle (by 13% in men
and by 12.3% in women). However, baseline IMCL level in neither
muscle group significantly correlated with subsequent change in
insulin sensitivity.

Karampinos et al. assessed the spatial distribution of skeletal
muscle adipose tissue in the calf by using chemical shift-encoding
based water-fat MRI  in subjects with type 2 diabetes mellitus and
healthy age-matched controls [56]. Water-fat imaging is advanta-
geous compared to T1-weighted imaging as IMAT can be divided
into two  separate compartments, i.e. fat within the muscular
regions (intraMF) and fat between the muscular regions (interMF).
The authors reported no statistically significant difference in the
IMAT volume between the two  groups. However, the intraMF vol-
ume  normalized by the IMAT volume was significantly greater in
the diabetic subjects compared to the controls. Thus, water-fat
imaging reveals important information about the spatial distribu-
tion of skeletal adipose tissue which is not captured by T1-weighted
imaging.

2.7. Bone marrow fat

The association of bone marrow adiposity and bone health has
become of increasing interest recently (Figs. 3 and 4).

Griffith et al. recruited 18 women with normal bone density, 30
with osteopenia, and 55 with osteoporosis [57]. MRS-based ver-
tebral marrow fat content in L3 was  significantly increased in the
osteoporotic group (67.8 ± 8.5%) compared to the normal bone den-

sity group (59.2 ± 10.0%). Similar results were observed in men
[58].

Bredella et al. recruited 47 premenopausal women (BMI range:
18–41 kg/m2), performed MRS  of L4 to measure bone marrow fat
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Fig. 3. Water-fat imaging-based lumbar spine bone marrow fat fraction maps in a young (left) and an old (right) subject showing an increased bone marrow fat fraction in
the  old subject.
The 3D spoiled gradient echo sequence acquired eight echoes in two interleaves (4 echoes per TR) using flyback (monopolar) read-out gradients with imaging param-
eters:  TR/TEmin/�TE = 15/1.47/1.05 ms,  flip angle = 3◦ , bandwidth = 1551 Hz/pixel, acquisition matrix size = 124 × 122, FOV = 220 × 220 mm2, slice thickness = 4 mm,  slice
locations = 20, no parallel imaging.

Fig. 4. MR spectra of L5 in a young (left) and an old (right) subject. Note the superposition of the mythylene ( (CH2)n ) peak at 1.30 ppm and the �-carboxyl
(  CO CH2 CH2 ) peak at 1.59 ppm, the superposition of the �-olefinic ( CH2 CH CH CH2 ) peak at 2.00 ppm and the �-carboxyl ( CO CH2 CH2 ) peak at 2.25 ppm,
t rrow 
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he  water peak at 4.7 ppm, and the oelefinic ( CH CH ) peak at 5.3 ppm. Bone ma
 stimulated echo acquisition mode (STEAM) single-voxel MRS  sequence wa
E  = 11/15/20/25 ms,  eight averages per TE, 4096 sampling points, 5 kHz acquisition

ontent, assessed VAT and bone mineral density by using CT, and
etermined growth hormone (GH) and insulin-like growth factor 1
IGF-1) level [59]. Vertebral bone marrow fat content significantly
orrelated with VAT (r = 0.34), and inversely with bone mineral den-
ity (r = −0.39) and IGF-1 (r = −0.39). The authors concluded that the
etrimental effect of VAT on bone health may  be mediated in part
hrough IGF-1 as an important regulator of the fat and bone lineage.

Another study by Bredella et al. investigated the association
f L4 bone marrow fat content with IMCL content in the soleus
uscle, intrahepatic lipid content, and serum lipid levels in 106

ealthy young men  and women  [60]. Adipose tissue measurements
ere performed by using single-voxel MRS. Bone marrow fat con-

ent was significantly correlated with intrahepatic lipid content
r = 0.21), IMCL (r = 0.27), serum HDL level (r = −0.21), and serum
riglyceride level (r = 0.33), independent of BMI, age, insulin resis-
ance, and exercise status. Thus, ectopic fat and serum lipid levels
re related with the bone marrow fat and may  negatively influence

one health.

Baum et al. performed MRS-based vertebral bone marrow fat
uantifications of L1-3 in 13 postmenopausal women with type 2
iabetes mellitus and 13 age- and BMI-matched healthy controls
fat fraction was greater in the old compared to the young subject.
d with imaging parameters: voxel size = 15 × 15 × 5 mm3, TR = 6 s, TM = 16 ms,
width, no water suppression and no regional saturation bands.

[61]. They determined not only bone marrow fat content, but also
bone marrow fat unsaturation level. Mean vertebral bone mar-
row fat content was similar in the diabetic subjects and healthy
controls (69.3 ± 7.5% versus 67.5 ± 6.1%; p > 0.05). However, mean
bone marrow fat unsaturation level was  significantly reduced in the
diabetic subjects compared to healthy controls (6.7 ± 1.0% versus
7.9 ± 1.6%; p < 0.05). Furthermore, HbA1c correlated significantly
with mean vertebral bone marrow fat content in the diabetic sub-
jects (r = 0.83). The authors concluded that vertebral bone marrow
fat composition may  be a biomarker for the quality of glycemic
control and potentially for late diabetic complications.

Cordes et al. investigated the effect of a 4-week dietary inter-
vention providing a formula diet with 800 kcal/d plus additional
vegetables on MRS-based vertebral bone marrow fat content in 20
obese women  (BMI: 34.92 ± 3.8 kg/m2) [39]. They reported no sta-
tistically significant changes in vertebral bone marrow fat content
after dietary intervention. However, absolute changes in vertebral

bone marrow fat content were positively associated with SAT vol-
ume  (r = 0.49) and negatively associated with non-adipose tissue
volume (r = −0.49) before dietary intervention. Thus, bone marrow
fat is related to other fat depots, but seems to exhibit also distinct,
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issue-specific properties and remains an interesting field for future
esearch.

.8. Brown fat and “browning” of white adipose tissue

Brown adipose tissue (BAT) is responsible for thermogenesis and
haracterized as an extensively vascularized fat tissue with great
mounts of iron-containing mitochondria [62]. It is metabolically
ctive mainly throughout early childhood, but can also be found
n adults. It shows a characteristic anatomical distribution along
arge internal arteries and is also localized in the supraclavicular
egion. Interestingly, recent studies suggested that within white
dipose tissue (WAT) depots “browning” can be induced under spe-
ific metabolic conditions and, most strongly, upon cold exposure
63]. These inducible brown fat cells, also named beige or brite
at, are currently the focus of intense research as a possible novel
reatment option for obesity. It should be noted that beige fat cells
re not from the same developmental lineage as classical brown
dipocytes. Positron emission tomography (PET) has traditionally
een used for the detection of brown fat. However, its application

s limited due to the radiation exposure. Franz et al. retrospectively
valuated 66 PET/MR imaging scans of 33 pediatric patients [64].
maging included a 2-point Dixon water-fat separation method.
AT and WAT  could be differentiated by their signal-fat fraction
alues due to their different water content. The authors were able
o demonstrate that signal-fat fraction values of BAT were inde-
endent from its metabolic activity. Thus, signal-fat fraction may
e a more reliable parameter for BAT than the commonly used PET
ignal, but MR  imaging of BAT has to be further elaborated in the
uture.

. Conclusions

Different MR  methods are currently available for the assessment
f body fat distribution and characteristics. They have been used in
ultiple research studies to gain insights into the pathophysiology

f metabolic diseases including obesity, metabolic syndrome, or
ype 2 diabetes mellitus. The perspectives are promising, but this
eld of research is still in an experimental stage and the usefulness
f the MR  methods for physicians in clinical medicine is still rather
imited.
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