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Abstract— As the prevalence of obesity and its comorbidities 
continue to rise in the United States and worldwide, robust 
imaging techniques and accurate post-processing strategies are 
critically needed to accurately quantify the distribution of fat in 
the human body.  Magnetic resonance imaging and spectroscopy 
provide a wide array of sensitive methods to assess and 
characterize fat in storage locations such as white adipose tissue 
depots and “high-health-risk” ectopic sites such as organs and 
muscles. Quantitative fat measurements provide useful 
information to investigators in preventive medicine who monitor 
the efficacy of dietary, exercise, and surgical interventions to 
combat weight gain and obesity in longitudinal studies.  They are 
also useful to clinicians who study the implications of steatosis 
and the pathophysiology of fat.  The primary aim of this paper is 
to provide a technical review of state-of-the-art proton magnetic 
resonance methods in human body fat quantification.  The paper 
will emphasize the fundamental principles with which several 
magnetic resonance techniques differentiate lean (water-
dominant) and fatty (fat-dominant) tissues and illustrate with 
examples how each method can be appropriately used for fat 
quantification. The paper will also briefly summarize post-
processing procedures that are currently in practice for 
extracting quantitative fat endpoints, such as adipose tissue 
depot volume and percent fat content in organs.  Lastly, given its 
increased attention in recent literature, the paper will discuss 
progress in the imaging of human brown adipose tissue.   

I. INTRODUCTION: “FAT IS NO LONGER JUST FAT” 

Consider the following health questions in the context of 
human obesity.  How much fat is too much fat in the body?  
How is fat accumulation in the human body influenced by 
aging, gender, ethnicity, diet, and exercise?  Does it matter 
where fat is stored in the human body? Related, are certain 
locations of fat deposition associated more adversely with 
risks for diseases like cancer, diabetes, and cardiovascular 
abnormalities?  Currently, imaging modalities like computed 
tomography and magnetic resonance that can provides high 
resolution anatomical visualizations within the body and 
quantify fat distributions play a critical role in 
epidemiological studies that aim to answer these questions. 

The prevalence of obesity in children, adolescents, and 
adults continues to rise in the United States and worldwide in 
developed countries [1-6].   Childhood obesity is of particular 
concern, as obese children are at a much greater chance of 
becoming obese adults with lifelong health risks [7].  The 
capability to accurately assess fat distributions in white 
adipose tissue depots and organs within the human body is 
useful to investigators studying therapeutic and preventive 

measures against weight gain, obesity, and the patho-
physiology of fat.  Whereas fat is typically stored in the form 
of white adipose tissue in the subcutaneous depot, it has been 
well established that the deposition of fat in the intra-
abdominal (visceral) depot and further accumulation of fat in 
ectopic sites such as the liver, pancreas, heart, and skeletal 
muscles are particularly detrimental to health and play a 
critical role in determining one’s metabolic profile and risk 
for disease [8-15].  Thus, the development of accurate, 
reliable, and rapid data acquisition and post-processing 
techniques that can quantify adipose tissue volumes and 
ectopic fat contents remains a vibrant area of ongoing 
research. Magnetic resonance imaging (MRI) and 
spectroscopy (MRS) methods are non-invasive, utilizes no 
ionizing radiation, provides tomographic 3D visualization of 
the anatomy, has immense flexibility in tissue contrast 
mechanisms, is safely repeatable across longitudinal studies 
without restrictions, and is applicable to cohorts of all ages, 
particularly in children and adolescents.  

This paper will review several popular proton MR 
techniques for quantitative fat imaging.  It begins with a 
description of MR principles and is intended to provide the 
reader with basic knowledge and familiarize them with 
terminology.  Next, emphasis is placed on approaches such as 
traditional T1-weighted imaging, frequency-selective imaging, 
single-voxel MRS, and state-of-the-art chemical-shift-
encoded water-fat techniques. Post-processing computations 
and image segmentation procedures for extracting quantitative 
fat endpoints will also be summarized.  Lastly, the paper will 
also allude to recent progress in the imaging of human brown 
adipose tissue and its implications in obesity research. 

II. BACKGROUND AND MOTIVATION 

For a majority of MR applications, the composite signal is 
assumed to come primarily from a two-component model: 
hydrogen protons of free water in tissues and fat (triglyceride, 
free fatty acid) molecules.  While other protons exist in 
macromolecules, minerals, and proteins, they are usually not 
visible with conventional MR hardware.  When an object is 
placed inside a magnetic field of strength B0, a longitudinal 
magnetization from the visible proton ensemble is created. 
The magnetization establishes resonance at a specific Larmor 
frequency proportional to the B0 field strength.  During a scan, 
a train of radiofrequency (RF) pulses is applied every TR 



(repetition time) to gather data via a pulse sequence.  The 
pulses are tuned to the Larmor frequency, have a certain 
bandwidth, and repeatedly excite the longitudinal 
magnetization into the transverse plane for signal detection.  
After each excitation, an echo of the transverse magnetization 
is acquired by coil receivers at a time specified by TE (echo 
time). After each successive RF excitation, two processes 
occur. First, the perturbed longitudinal magnetization recovers 
towards its original state prior to RF excitation.  The rate of 
recovery is called T1.  Second, the transverse magnetization 
loses signal coherence and decays at a rate called T2.  T1 and 
T2 values are intrinsic tissue properties and serve as the 
predominant basis of signal contrast in clinical MR [16, 17].   

It is worth noting that at human whole-body B0 field 
strengths of 1.5 Tesla (T) and 3T, the proton Larmor 
frequency is on the order of 64 and 128MHz, respectively.  
However, as it will be described later, there is in fact a slight 
difference in resonance frequency between water and fat 
protons, and it is this difference, albeit a very small one on the 
order of 102 Hz, that underpins several sensitive MR water-fat 
detection methods. Overall, one of the goals of any 
quantitative fat imaging then is to identify mechanisms that 
can highlight from the acquired composite MR signal the 
desired component.  In this context, it is fat. 

It is important to mention at this point that the MR signal 
intensity generally has arbitrary units, and is influenced by a 
host of non-linear factors including tissue-specific proton 
density and relaxation rates (T1 and T2) and pulse sequence 
timings (TR and TE) and the RF excitation flip angle.  
Furthermore, given fixed imaging parameters, the resulting 
signal intensity can vary significantly across MR platforms 
and manufacturers.  In quantitative MR of fat, the key then is 
to relate the measured signal to a more objective metric that 
can facilitate meaningful comparisons. In other words, an 
imaging biomarker is needed.  An imaging biomarker is an 
objective indicator of a biological, pathological, or pathogenic 
process.  The accuracy of a biomarker is the correctness with 
which it compares against a reference “ground truth” 
measurement, and this can be assessed with receiver operating 
curves and true/false positives/negatives if the metric is 
dichotomous or with correlation and regression if the measure 
is continuous or ordinal.  Precision refers to the consistency 
(and variability) of the biomarkers.  In contrast to accuracy, 
no reference standard is needed in assessing precision.  
Precision is affected by technical components including 
repeatability (within a site, within examinations, between 
examinations), reproducibility (between sites, between 
manufacturers and variants in B0 field strength and platforms), 
and robustness (invariance to changes in pulse sequence 
parameters, operator).  Precision is also affected by biological 
components, including temporal variability (within day, 
between days, in response to physiological changes) and 
spatial variability in cross-sectional and longitudinal studies.  
While accuracy is critical in single-site studies, precision is 
equally important when considering multi-site studies. 
Standardization efforts are needed to properly integrate a 
biomarker into research trials and routine clinical practice. 

As summarized in Fig. 1, in the MR literature, the most 
commonly reported fat measurements for white adipose tissue 
depots are either volume (ml, L) or mass (g, kg), the latter of 
which is simply converted from the former by scaling with the 
mass density of fat.  As discussed in the following section, the 
identification and segmentation of triglyceride-rich white 
adipose tissue depots can be achieved with strategies that 
highlight the signal intensity of fat in contrast to surrounding 
lean tissues and organs.  For diffuse ectopic fat measurements, 
the ratio of water and fat signals, the fat signal fraction, is 
commonly reported. If the water and fat signals are 
additionally corrected for confounding factors such as T1 and 
T2 relaxation [18], then the net ratio reflects the proton density 
fat fraction, or PDFF.  Fig. 1 also illustrates the “take-home-
message” from the remainder of this paper.  Proton MR 
techniques that can appropriately quantify white adipose 
tissue depots and ectopic fat content are listed below the 
dashed line. 

 

Fig. 1  Typical fat quantification endpoints in MR include volume 
or mass for white adipose tissue depots (red: subcutaneous, green: 
intra-abdominal), which are comprised primarily of fat, and fat 
signal fraction in ectopic sites of diffuse fat accumulation such as 
the pancreas, skeletal muscles, heart, and liver.  When corrected 
for various confounding factors such as signal relaxation, noise 
bias, RF excitation flip angle, and the complex fat spectrum, the 
ratio is referred to as the proton density fat fraction as it more 
accurately approximates the true underlying tissue fat 
concentration.  Listed below the dashed line are the current proton 
MR methods that can appropriately quantify the endpoints.  While 
T1-weighted MRI and MRS can only quantify adipose tissue 
volume and organ fat signal fraction, respectively, both frequency-
selective and chemical-shift-encoded water-fat MRI have 
capabilities to quantify both endpoints, with the latter being more 
commonly used.    
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III. T1-  AND T2- WEIGHTED APPROACHES 

The simplest approach to differentiate fat in white adipose 
tissue depots from other water-dominant anatomical structures 
is to exploit the natural differences in the T1 and T2 relaxation 
rates between water and fat protons.  The T1 of fat is one of 
the shortest amongst tissues in vivo.  This indicates a very 
rapid recovery of its longitudinal magnetization between 
successive RF excitations.  Therefore, by using a T1-weighted 
sequence, strong tissue contrast can be achieved between 
short-T1 fat tissues and muscles and organs with longer T1 
values, as illustrated in Fig. 2.  Bright fat can thus often be 
easily identified and delineated from darker structures by 
simple image processing (e.g. bias-field correction, histogram 
thresholding).  T1-weighted sequences are very common in 
clinical MRI and are the “tried–and–true” workhorse tool for 
rapidly assessing abdominal subcutaneous and visceral white 
adipose tissue distributions (Fig. 3) as well as whole-body 
adiposity and have served as the basis for many semi-
automated and automated segmentation techniques in the 
literature [19-26].  Additionally, the explicit computation of 
T1 values on a voxel-wise basis has also been employed to 
improve white adipose tissue depot identification and 
facilitate automated image segmentation [27].  

Fig. 2 (a) Complementary T1- (left) and T2-weighted (right) 
transverse images at the level of the umbilicus in a 9-months-old 
girl.  Note that subcutaneous (red arrow) and visceral adipose 
(green arrow) tissue depots are represented by bright signal 
intensities in both types of signal contrast.  (b) T1-weighted 
transverse image of the thigh in an eight-year-old boy with 
Duchenne Muscular Dystrophy.  Note the subcutaneous (solid 
arrow) and intermuscular adipose tissues (dashed arrow), and the 
bone marrow (dotted arrow), both of which appear bright due to 
their fatty composition.   Note also the diffuse appearance of fat 
infiltration into various muscle groups (curved arrow). 
 
The T2 of fat is neither the shortest nor the longest.  

Nonetheless, fat appears relatively bright, but is often not the 
brightest structure on conventional T2-weighted images (see 
Fig. 2).  In comparison to T1-weighted pulse sequences, T2-
weighted are typically longer in duration and are thus rarely 
chosen for the sole purpose of white adipose tissue 
quantification.  Both T1-weighted and T2-weighted images are 
not appropriate for estimating ectopic fat content because the 
acquired signal within each image voxel represents the sum of 
signal contributions from both water and fat protons and the 
individual component signals are not known.  However, while 
these strategies are only appropriate for quantifying white 
adipose tissue depots, they are often used clinically in a 
qualitative manner to visually determine the potential 

presence (or absence) of fat in pathological conditions, such 
as in the muscle [28] and heart [29, 30]. 

Fig. 3 Segmented T1-weighted transverse images at the umbilicus 
in two females, both 22 years of age and with similar body-mass-
indices (a: 31.4 kg/m2) versus (b: 32.3 kg/m2).  Subject in (a) is 
African-American.  Subject in (b) is Hispanic.  Note the evident 
difference in visceral (blue) adipose tissue volumes, despite 
somewhat similar amounts of subcutaneous adipose tissue (purple). 
Elucidating the differences in gender and age-related variations in 
body adiposity and the biological causes of such differences is a 
strong area of research in obesity. Segmentations were performed 
with SliceOmatic software (Tomovision, Inc.). 

Fig. 4 Unlike water, which has a single proton resonance in the 
frequency domain, fat is characterized by a more complex 
spectrum with multiple peaks.  The five most common resonances 
are illustrated on the right.  Depending on the number of carbon-
carbon double bonds in the triglyceride, a measure of unsaturation, 
as well as the length of the triglyceride chains, the amplitudes (area 
under the curve) of peaks 1 through 4 peaks can slightly vary.   
Illustration courtesy of Gavin Hamilton, Ph.D. from the University 
of California, San Diego. 

IV. WATER-FAT CHEMICAL-SHIFT 

Before proceeding further, it is appropriate at this point to 
briefly discuss the phenomenon of chemical-shift in proton 
magnetic resonance techniques.  Water is a symmetrical 
molecule (H2O) with two identical protons, and thus exhibits 
a single Larmor frequency, or proton resonance peak in the 
frequency domain.  In contrast, a typical triglyceride (fat) 
molecule is much more complex and contains three possibly 
different fatty acid chains (one of which is shown in Fig. 4). 
Consequently, there are several proton moieties in fat [31, 32], 
including among others, the predominant (-CH2-) methylene 
group, the terminal (-CH3) methyl group, and the (-CH=CH-) 
olefinic group.  Each of these proton moieties experience a 
slightly different local magnetic field due to electron shielding 
from its chemical neighbors along the fatty acid carbon chain, 
and thus lead to distinct proton resonance peaks in the 
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frequency domain that are chemically-shifted from each other 
and that of water (see Fig. 4).  Historically, the chemical shift 
separation is measured in units of ppm: parts-per-million, and 
is displayed on an inverted horizontal axis.  The nominal 
frequency separation is dependent on the magnetic B0 field 
strength.  For water and the predominant methylene peak of 
fat, it is approximately 210Hz at 1.5T, and 420Hz at 3T. 

V. SINGLE-VOXEL MR SPECTROSCOPY 

Single-voxel proton spectroscopy has long been considered 
the gold-standard for ectopic fat quantification as it provides 
the most direct and sensitive approach to discriminate water 
and fat proton component signals in MR. The technique has 
been widely investigated, refined, and adopted for routine use 
in assessing liver, heart, pancreas, and skeletal muscles fat 
content [33-44].  In contrast to MR imaging, localized single-
voxel MRS does not provide anatomical information with a 
grayscale image.  Instead, it yields a detailed and accurate 
frequency spectrum within an interrogated voxel, which 
provides an intuitive visualization of the presence and 
quantity of water, fat and other proton moieties.  The relative 
area under each spectral resonance peak is directly 
proportional to the concentration of a particular proton specie 
(number of protons) within the sampled voxel. Although the 
spectrum can be theoretically modeled as a series of delta 
functions, in reality, line broadening occurs due to T2 
relaxation and inhomogeneities within the B0 field.   

In practice, the acquisition and analysis of MRS data 
requires some expertise and experience, and can be performed 
using software available commercially on the MR system or 
offline with dedicated packages such as jMRUI [45] and 
LCModel [46]. Regardless of the approach, MRS analysis 
requires user interaction, as automated, robust, and reliable 
strategies are not yet available.  This remains an unmet 
challenge in data processing.  Typical steps includes noise 
filtering, baseline and phase correction, and modeling and 
fitting each individual resonance with a single or multiple 
weighted overlapping Gaussian or Lorenzian distributions. 
The fitted curves are subsequently integrated to estimate the 
area under each peak. The resultant fat signal fraction is then 
computed as the sum of the areas under all of the fat peaks 
divided by the sum of the water and fat peak areas. If 
additional T1 and T2 corrections are performed on the 
individual resonances, then the fat signal fraction better 
approximates the proton density fat fraction, which has been 
shown to accurately reflect the true underlying tissue fat 
content [47].  Fig. 5 illustrates two examples in the liver. 

It is worth mentioning that presently MRS remains the only 
imaging method that can uniquely differentiate between 
ectopic intra- and extra- myocellular lipids in skeletal muscle 
[33, 48].  Whereas IMCL consists of spherical fat droplets and 
provide energy to muscles metabolism, EMCL lipids are 
arranged in parallel plates and exhibit characteristics similar 
to adipose tissue. Magnetic susceptibility causes a very 
minute difference in the Larmor frequencies of the -CH2- 
resonances between IMCL and EMCL [33, 48, 49], and 
maximal difference occurs when the muscle fibers and the B0 

magnetic field are parallel.  In obesity and metabolism 
research, it has been shown that IMCL levels in particular can 
fluctuate with insulin sensitivity, physical activity, diet, and 
pharmacological effects.  Specifically, in obese, sedentary, 
and diabetic patients, high IMCL levels [50] and low insulin 
sensitivity are characteristic negative indicators of metabolic 
health [51, 52].  Interestingly however, in athletes, a paradox 
exists where both high IMCL and insulin sensitivity are 
observed [53-55].   

 

Fig. 5  Example of single-voxel proton MRS of the liver in two 
subjects, one with a lean liver (top), the other with a fatty liver 
(bottom).  Anatomical images are shown on the left for reference, 
and the white boxes denote the location of the sampled MRS 
voxels. Note that the difference in hepatic fat content is 
indistinguishable on the anatomical images, but is strongly evident 
on the MRS spectra.  The fat signal fractions were 3% (top) and 
23% (bottom), respectively.  Note line broadening in the spectra. 

VI. FREQUENCY-SELECTIVE MRI 

The chemical shift phenomenon between water and fat can 
be extended to MR imaging methods [56, 57]. Since data 
acquisition in MRI fundamentally involves frequency-tuned 
RF pulses that excite a measurable proton magnetization into 
the transverse plane prior to data acquisition, the feasibility of 
selectively exciting only fat protons [36, 58, 59], or 
conversely suppressing the water signal with a preceding RF 
preparation pulse [60, 61], has been explored as a 
complementary method for quantifying subcutaneous, visceral, 
and intermuscular white adipose tissue volumes.  The primary 
motivation behind frequency-selective strategies is similar to 
that of the aforementioned T1-weighted approaches, where a 
strong signal contrast is desired between water-dominant and 
fat-dominant tissues such that post-processing segmentation 
can be easily facilitated.   In the present case, stronger tissue 
contrast can be achieved by selectively suppressing or 
exciting one of the two (water, fat) components. 

Fig. 6 schematically illustrates water-selective and fat-
selective imaging in the form of RF suppression.  It should be 
realized that intuitively, a complementary pair of frequency-
selective and non-frequency-selective images with otherwise 
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identical imaging parameters can highlight the presence of 
ectopic fat within each imaging voxel.  Consider for example 
a voxel containing both water and fat signals.  Signal intensity 
from a non-frequency-selective scan reflects the sum of both 
water and fat components.  However, if a complementary fat-
selective excitation scan is performed, the resultant signal 
intensty is equal only the fat component.  In this respect, a fat 
signal fraction can be approximated.  It then becomes evident 
that for a voxel containing only fat, the signal intensities 
between the pair of should be identical (fat signal fraction = 
100%).  Conversely, for a particular voxel containing only 
water, the fat-selective image will have ideally an intensity of 
zero (fat signal fraction = 0%), or in reality, just noise.  

Many frequency-selective strategies adopt a simplified 
spectral model of fat, where only the predominant methylene 
peak and other fat peaks in close proximity to it are 
considered (peak 3 through 5 in Fig. 4).  Consequently, it is 
recognized that the computed fat signal fraction reflects only 
contributions from these resonances and is not expected to be 
in perfect agreement, though likely correlated, when 
compared against MRS or other techniques that do account 
for more peaks in the fat spectrum, in particular the olefinic 
resonance. 

 

Fig. 6 A demonstration of (a) fat-suppressed and (b) water-
suppressed transverse images.  Note in (a) near the bottom of the 
image where the subcutaneous adipose tissue appears in very light 
shades of gray, indicative of the fact that not all of the resident fat 
signals have been suppressed.  One reason for this is the olenific 
fat resonance that is located in proximity to the water spectral peak 
and is typically not RF-suppressed in frequency-selective MRI. 

VII. CHEMICAL-SHIFT-ENCODED WATER-FAT MRI 

Chemical-shift-encoded water-fat MRI, heretofore referred 
to simply as WFI, combines to a certain extent the sensitive 
detection capabilities of MRS with the benefits of anatomical 
imaging [62-65] to facilitate combined quantification of both 
white adipose tissue depots and ectopic fat content from a 
single MRI scan.  WFI consists of a family of MRI techniques 
that have been continuously developed and refined since 1984, 
when W.T. Dixon first introduced the concept “simple 
spectroscopic imaging” [66]. By selecting two appropriate 
echo times for data acquisition where water and fat signal 
vectors accrue progressive phases with respect to one another 
as a consequence of their chemical shift difference, Dixon 
demonstrated that separate water and fat images can be 
subsequently reconstructed by simple mathematics. By 
reconstructing separated water and fat images, a fat signal 
fraction map (fat:water ratio) can then be computed.  

In contrast to single-voxel MRS where no parameters about 
the frequency spectrum is assumed, WFI can be considered as 
a subset, where a crucial feature is that the water and fat 
chemical-shift resonances and their relative amplitudes are 
assumed known and modeled a priori into the underlying 
signal equation and reconstruction algorithm. In contrast to 
frequency-selective methods, WFI strategies do not employ 
frequency-tuned RF pulses for targeted signal excitation or 
suppression of water or fat. Rather, unsuppressed water and 
fat signals are both acquired by data coil receivers at 
strategically chosen echo times. Subsequently, elegant 
mathematical algorithms are used to solve for the individual 
unknown water and fat signal components on a voxel-wise 
basis, based on the assumed spectral model, numerical 
assumptions, and parameter constraints [67-71]. 

Recent advances in WFI have also led to major efforts in 
improving the accuracy and precision of the computed fat 
signal fraction and its reflection of the true underlying tissue 
PDFF.  A plethora of works have identified and addressed a 
variety of signal confounding factors, including T1 and T2 
relaxation, noise bias, and systematic phase errors [72-74] that 
can erroneously impact the estimation of PDFF.  Additionally, 
numerous clinical and research studies have rigorously 
validated the utility of WFI in quantifying both white adipose 
tissue depots [75] as well as ectopic fat in the liver [76-79], 
heart [80], and skeletal muscles [81].     

 

Fig. 7 WFI involves data acquisition of multiple images at strategic 
echo times to capture the complex water and fat magnetizations at 
various phase evolutions.  Utilizing a signal model that takes into 
consideration a multi-peak fat spectrum along with other 
assumptions and constraints, a reconstruction algorithm yields a 
pair of co-registered water and fat volumes.  In parallel, the 
algorithm generates a PDFF map from 0-100%.  The qualitative 
water-fat data sets are adequate for computing white adipose tissue 
depot volumes.  The PDFF map provides a measure of percent fat 
content in ectopic depots and organ on a voxel-wise basis. 

 
As illustrated in Fig. 7, a single WFI acquisition yields 

reconstructed water and fat images that can be used for white 
adipose tissue depot segmentation, and a PDFF map that 
allows the measurement of ectopic fat fractions.  In Fig. 8, the 
utility of WFI is demonstrated with clinical data. 
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VIII. SUMMARY OF MR FAT QUNATIFICATION 

MRI and MRS provide a family of complementary methods 
for sensitively detecting and quantifying adipose tissue 
volumes and ectopic fat fractions. T1-weighted and frequency-
selective approaches manipulate and exploit signal intensity 
differences between fatty and lean tissues and aims to 
highlight the (desired) fat component’s contribution to the net 
acquired signal versus that of water.  In contrast, MRS and 
WFI strategies exploit fat’s unique chemical-shift properties 
to explicitly separate water and fat signal contributions.  It is 
for this very reason that chemical-shift based methods are 
appropriate for quantifying diffuse ectopic fat.   

 

Fig. 8 Examples of WFI are shown in (a) with a transverse section 
of the thigh (top) and a coronal section (bottom). Reconstructed 
and co-registered fat, water, and PDFF maps are shown, with the 
latter on a color scale for visual clarity.  (b) WFI in a subject 
before and after a 10-month exercise and diet regimen.  Note the 
significant loss in subcutaneous and visceral adipose tissue.  More 
evident is the decrease in liver PDFF.  Measurements in the liver 
(green circles) yield a PDFF of 22% before and 6% after exercise 
and diet intervention. 

IX. IMAGE ANALYSIS 

Standard procedures for extracting white adipose tissue 
volumes and ectopic fat signal fractions from data acquired 
using the aforementioned MR techniques are briefly 
summarized next.  The workflow for extracting fat measures 
from MR data remains a daunting and costly task in 
epidemiological studies involving large cohort sizes, and 
typically requires substantial data post-processing and 
analysis by a team of experienced operators. The steps 
typically involve the transfer of images to an offline 
workstation, followed by the use of home-built or dedicated 
computer software that require some level of user interaction 
[82].  While numerous image segmentation algorithms have 
been developed for gray and white matter extraction from 

brain images, by comparison, few strategies have been 
proposed for dedicated utilization in the field of human body 
composition and fat quantification. 

As previously mentioned, for quantification of white 
adipose tissue depots, a binary signal intensity threshold is 
commonly applied in conjunction with edge-detection and 
region-growing strategies and shape-models to T1-weighted, 
frequency-selective, and WFI images. The histogram-based 
threshold is usually applied following a series of steps to 
correct spatially-varying signal intensities due to bias from 
non-uniform RF transmit and receiver fields.  These 
corrections are particularly needed for data acquired at 3T and 
in overweight/obese subjects due to significant dielectric 
effects. Since fat is characteristically brighter in these data 
sets, voxels with intensities greater than a set threshold are 
labeled as white adipose tissue while those with lower 
intensities are excluded. Many automated algorithms for 
segmenting subcutaneous and visceral white adipose tissue 
depots have been proposed [23, 25, 83-86].  For WFI, the 
analysis can exploit the fat signal fraction map where the 
signal intensity range is consistently fixed from 0–100% [75].    

Automated and semi-automated strategies for ectopic fat 
quantification are very limited in the literature and have 
largely only focused on the liver using CT data [87, 88].  
Ectopic fat quantification requires approaches that can 
separate water and fat signals within each voxel, such as MRS, 
frequency-selective MRI, and WFI.  Ectopic fat accumulation 
is often spatially heterogeneous, and consequently, the 
aforementioned binary threshold approach of “all fat” or “no 
fat” voxel classification is inadequate.  For MRS, the areas 
under the water and fat peaks can be calculated with 
commercial software jMRUI [45] and LCModel [46], which 
require some user familiarity to obtain decent results.  WFI 
provides a fat signal fraction map across the imaging volume.  
To determine the fat signal fraction within a particular organ 
or muscle group, an operator must manually draw regions-of-
interest (ROIs).  The mean and standard deviation within the 
ROI is then computed.  However, for accurate fat signal 
fractions, operator care is critical in drawing ROIs and 
segmenting organs.  Equally important is sound knowledge of 
human anatomy. For example, the pancreas, a small and 
tortuously-shaped organ, is surrounded by visceral adipose 
tissues.  An inaccurately drawn ROI meant to enclose only the 
organs may contain erroneous adipose tissue voxels.  In such 
cases, the high fat signal fractions from even a single 
erroneous adipose tissue voxel will impact the apparent fat 
signal fraction within the drawn organ ROI.   

 MR-based fat segmentation remains an active area of 
research that requires further improvements. Techniques that 
can automatically segment adipose tissue depots, muscles, 
and more critically organs (liver, pancreas) while utilizing a 
priori information are being explored with atlas-based 
algorithms.  The capability of achieving rapid fat registration, 
segmentation, and quantification is highly attractive, and will 
provide investigators with vital person-specific information 
reflecting the temporal change in fat distribution and volumes 
in response to therapeutic interventions. 
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X. BROWN ADIPOSE TISSUE, “THE GOOD FAT” 

The adipose tissue is considered an organ that is intimately 
involved in regulating metabolism, energy balance, and fat 
storage through the secretion of hormones via neural 
stimulation.  Up to this point, one focus of the paper has been 
on imaging and quantifying white adipose tissue fat storage 
depots, heretofore referred to as WAT.  In mammals, another 
type of adipose tissue exists, known as brown adipose tissue 
(BAT), named based on its color appearance in histology.  In 
humans, it has traditionally been believed that BAT exists 
only during fetal development and disappears shortly after 
birth, and thus had an insignificant role in human physiology. 
However, unequivocal findings of BAT in humans with 
positron emission and computed tomography (PET/CT) in 
over the past decade, coupled with new evidence from 
cadaver studies [89], have caused a resurgence of scientific 
interest in BAT.  As illustrated in Fig. 9, one of the most 
intriguing paradigms of BAT in rodents and potentially now 
in humans is its involvement in counteracting against WAT 
fat storage, weight gain, and ultimately the onset of obesity 
[90-92].  Thus, whereas excess WAT has been linked with 
many negative health consequences, BAT has been dubbed 
the “good fat” and is considered a benefit in many aspects of 
growth and homeostasis.  It has also been implicated as a 
mediator in skeletal muscle and bone development [93, 94].  
In humans, the incidence and metabolic activity of BAT and 
its response to pharmacological agents, temperature, and 
environment, its relationship to anthropometry and body 
composition, and its variability due to exercise and diet, all 
remain in question and are under increasing levels of study. 

 

Fig. 9 The role of brown adipose tissue (BAT) in human 
physiology remains under investigation. When energy intake 
surpasses baseline metabolic needs, the excess energy is normally 
channeled into storage as triglycerides in white adipose tissue.  It is 
believed that one of the roles of BAT is to facilitate the 
expenditure of excess energy from the body via thermogenesis 
when the tissue is stimulated by the sympathetic nervous system. 
Thermogenesis thus would counteract white adipose tissue buildup. 
 

WAT and BAT exhibit different morphological features. 
Whereas WAT is primarily responsible for long-term fat 
storage, BAT in contrast stores smaller amounts, and instead 
metabolizes fat to generate heat [95].  While WAT is 
characterized by large cells that contain a unilocular fat 
droplet, a displaced peripheral nucleus, and limited cytoplasm 
water, BAT in contrast contains smaller adipocytes with 
multiple intracellular fat droplets, a centrally located nucleus, 

and an abundance of iron-rich mitochondria.  These features 
can be easily recognized with histology [95] and major efforts 
are now underway to exploit these morphological differences 
in generating signal contrast mechanisms between BAT and 
WAT via imaging [96-99].  Furthermore, unlike WAT, BAT 
is richly vascularized by capillaries that are needed to 
transport and disperse the produced heat. Currently, MR 
represents the most promising modality to overcome the 
limitations and challenges of using PET/CT.  Radiation 
exposure in PET/CT has limited the study of BAT in healthy 
humans, and this is a highly relevant issue in when involving 
children, where the prevalence of the tissue is significantly 
greater than in adults.  

The feasibility of using WFI to characterize BAT has been 
demonstrated in mice and in humans with the fat signal 
fraction metric. Whereas WAT is predominantly composed of 
fat and is thus characterized by a high fat signal fraction 
(>90%), BAT has been shown to occupy a much broader and 
lower fat signal fraction range.  The difference in intracellular 
iron and mitochondria content and vascular perfusion between 
BAT and WAT has also led to the utilization of MR 
techniques that are sensitive to tissue hemodyanmic responses. 
Investigators have demonstrated an increase in oxygen 
consumption and consequently greater levels of 
deoxyhemoglobin in the local blood flow due to BAT activity.  
The increase in deoxyhemolgobin leads to a decrease in T2

* 

[100], resulting in a signal drops that can be observed with 
blood-oxygen-level-dependent MRI [101, 102].  

The further development and validation of sensitive MR 
techniques to non-invasively quantify BAT is critically 
needed to advance our knowledge of this tissue in human 
physiology.  Additional distinctive features of BAT have not 
yet been explored by MRS.  For example, BAT’s vasculature 
can be probed by perfusion techniques such as arterial-spin-
labeling.  Temperature mapping [103] and molecular and 
metabolic imaging using Carbon-13 are other possibilities.  
Recent advances in PET/MR also holds promise as an adjunct 
tool for combined morphological and functional imaging. 

XI. CONCLUSION 

In conclusion, MR is the most powerful and comprehensive 
imaging tool for fat quantification. MR’s non-invasive 
tomographic capability provides insight into the distribution 
of adipose tissue and fat within the human body that is 
unmatched by any other modality.  Its broad array of sensitive 
techniques has and will continue to assist investigators to 
probe fat biomarkers and associations in obesity [104-107].  
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